Fault transient analysis and simulation of series compensated e.h.v. transmission lines and associated protective gear. by Kalam, Akhtar
        
University of Bath
PHD
Fault transient analysis and simulation of series compensated e.h.v. transmission lines








If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 11. May. 2021
FAULT TRANSIENT ANALYSIS AND SIMULATION 
OF SERIES COMPENSATED E.H.V. TRANSMISSION 
LINES AND ASSOCIATED PROTECTIVE GEAR
by
AKHTAR KALAM
B.Sc., B.Sc. (Engg.), M.S.
Thesis submitted for the degree of Doctor of Philosophy
of
The University of Bath 
1981
Copyright
Attention is drawn to the fact that copyright of 
this thesis rests with its author. This copy of 
the thesis has been supplied on condition that 
anyone who consults it is understood to recognise 
that its copyright rests with its author and that 
no quotation from the thesis and no information 
derived from it may be published without the prior 
written consent of the author.
This thesis may be made available for consultation 
within the University Library and may be photocopied 




INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest.
ProQuest U321782
Published by ProQuest LLC(2015). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
TO
MY PARENTS 
MY WIFE AND TWO DAUGHTERS
(i)
SYNOPSIS
The advantages of series capacitor compensated 
lines in long distance transmission are well known. 
There are, however, problems encountered in the 
protection of such lines and these basically arise 
because, under faulted conditions, the primary system 
parameters are often subjected to rapid changes due 
largely to capacitor protective gap operation.
The successful longer term development of new 
transmission line protection techniques is heavily 
dependent upon a detailed knowledge of the behaviour 
of practical compensated e.h.v. feeder configurations. 
In this thesis methods have been developed for 
accurately simulating the responses of series 
compensated system using digital simulation techniques 
based on frequency domain methods.
The digital simulation of practical series 
compensated systems with shunt reactors has hitherto 
presented a particularly difficult problem. This 
thesis highlights these problems and outlines the 
basis of the techniques which have been developed 
to overcome them. In particular, the basis of some 
of the novel techniques developed for simulating the 
essentially random nature of series capacitor spark 
gap operation together with the non-linearities
(ii)
associated with single pole autoreclosure techniques 
has been explained. Interesting results relating to 
the responses of a practical 500 kV long distance 
transmission interconnection and its effect on 
the performance of modern distance protection has 
been presented. By examining the performance of the 
present day distance protection as applied to series 
compensated lines with spark gap operations, this 
work has contributed to the solution of a major 
problem associated with such lines.
(iii)
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CHAPTER 1 INTRODUCTION
1 .1 Literature Survey
A transmission system comprising of short lines, 
especially that encountered in the UK, is fairly stiff 
at the generator ends (busbars) because there are a 
number of infeeding lines from other sources connected 
to the busbar. As the line is short, both the line 
reactance and line capacitance are relatively small, and 
in fact the latter can be neglected. This means that a 
generator can operate at a reasonably low load angle in order 
to transmit an appreciable amount of power over the line, 
so that the problem of generator instability due to dis­
turbances is reduced. Because of the stiffness of 
busbars and the interconnection of the system even when 
a line does go out due to a fault, the majority of faults 
being transitory in nature anyway, a 3-phase autoreclosure 
scheme is successfully employed without loss of stability 
or any serious disruption. Moreover, the presence of a 
second circuit helps to maintain stability during the 
autoreclosure sequences of the faulted circuit.
On long lines, however, where the source of generation 
is often remote from the load points, especially in 
countries which employ hydro-power schemes, the system at 
the generator end is very weak. In fact, in the majority
of cases, there are just one or two machines connected 
to a busbar and the feeder is more of a radial type, 
ie the line is single-end fed with a large load at the 
other end. In such cases, the problem of maintaining 
stability becomes that much greater. Double circuit 
lines are very uneconomical to use because of the very 
long distances involved. Thus, as there is only one 
single circuit line, 3-phase autoreclosure schemes in 
which all the three phase conductors are isolated for 
any type of fault, are not very practical, because in 
the majority of cases the closing of the breakers is not 
fast enough to maintain stability. A single pole auto­
reclosure techniques can be used to advantage in such 
cases(52).
Because the line is long, both the line inductance 
and line capacitance are large. The increase in line 
inductance has the following effects:
(1) The power transfer capability of the line 
is reduced.
(2) Both the transient and steady-state stability 
margins of the system for a given power 
transfer are lowered.
(3) The voltage drop becomes excessive.
The power transfer capability (P) of a transmission
(2 3)line is approximately given by equation 1.1 ' .
3.
Eg E
P = sine . . . (1.1)
E-,, E are the sending and the receiving end voltages 
respectively, is the inductive reactance of the trans­
mission circuit between the terminals, and 0 is the vector 
angle by which Eg leads or lags E^. The power transfer 
capability can be increased by either increasing Eg, E^ 
or 0, or by decreasing X^. The maximum values by which 
E and E_ can be increased to are normally fixed by the 
steady-state and transient insulation limitations of 
the transmission system itself. This includes the line 
and terminal equipment. The value of X^ is determined 
by the transmission line and terminal equipment 
(transformers, generators, etc) reactances, the minimum 
value of which is limited by the physical size of 
equipment and economic considerations.
Because of the increase in line capacitance, the
4.
line charging current becomes quite significant, especi­
ally under lightly loaded conditions or sudden loss of 
load. This excessive reactive power can cause large 
voltage rises.: on the system. The adoption of shunt 
reactors to compensate a portion of line charging VAR
is an indispensable method for excessive voltage and
(34 )reactive power control
The majority of faults on an e.h.v. a.c. transmission
line are single-line-to-earth faults, mainly due to
lightning strikes and are transitory in nature. From a
viewpoint of minimising the disturbances, especially loss
of synchronism caused by such faults, it is desirable to
clear them by opening the circuit-breaker poles on the
(81)faulted phase only and then reclosing them rapidly 
However, opening the terminal breakers at the ends of 
the faulted line conductor does not ensure fault clearance, 
mainly because the isolated conductor is both capacitively 
and inductively coupled to the other healthy conductors 
which are still energised at normal system voltage and 
carrying a load current. This coupling has two main 
effects :
(1) Before fault arc extinction, it feeds current 
to the fault and maintains the arc.
5.
(2) After the arc current becomes zero (as it does twice 
per cycle) the coupling causes a recovery 
voltage across the arc path.
Of the two types of coupling, the capacitive coupling is
usually the more important. Its importance increases with
(52 )the increase of the circuit voltage, line length, etc
Extinction of the secondary arc depends on the magni­
tude of the secondary arc current and the magnitude of, 
and therefore the rate of rise of steady-state recovery 
voltage. Secondary arc phenomena is an inherently unstable 
one. However, it is generally accepted that the criteria 
for satisfactory extinction of the secondary arc in 
about 20-30 cycles (which is the limit of stability) is 
such that the magnitude of the residual arc current should 
be  ̂ 20A r.m.s. and that the recovery voltage should be 
 ̂ 47kV r.m.s. Whilst in the case of short lines (g 80km) 
this is easily met^^^^, in the case of long lines however, 
because of higher system voltages and increased capacitive 
coupling, both the secondary arc current and the recovery 
voltage are that much higher, so that some method of 
neutralising the capacitive coupling has to be used. One
way of doing this is by using a form of shunt compensation
(52)employing a four-reactor bank in which a fourth
reactor is connected to the neutral. Economically the 
scheme is justified, as e.h.v. reactors are used for
reactive power control anyway and the cost of additional 
neutral reactor required for secondary arc suppression is a 
small fraction of the total cost of the main reactors.
As mentioned previously, the power transfer capa­
bility of a long line is reduced due to an increase in the 
series line inductance, and some form of reducing this 
line inductance has to be employed. There are several
methods of doing so, as suggested by Elliot and Cuttino^^^,
(12) (25)Starr and Evans , Johnson et al , which are :
(1) Multiple circuit operation.
(2) Direct current transmission.
(3) Line reactance compensation.
The use of two or more transmission circuits decreases 
the reactance and as a result increases the power transfer 
capability. Considerable improvement in operating charac­
teristics and transient stability limits can be obtained 
when multiple circuits are sectionalised at one or more 
points. Individual line sections can be isolated on the 
occurrence of fault. However, such sectionalised lines 
are very uneconomical to use, especially where long dis­
tances are involved.
7.
Direct current transmission has received consider­
able attention in recent years. It is basically an 
extension of reduced frequency, because if the frequency 
is reduced to zero, direct current at high voltage can 
be employed. Power delivered is increased two-fold as 
the effective voltage is increased by 41%. The major 
problem is the converter and inverter terminal equipment 
Moreover, d.c. transmission is not suited for supplying 
power to the intervening area, as there is no equivalent 
yet for the a.c. transformer.
One of the most effective and economical means 
of compensating large inductive reactances of the 
e.h.v. transmission lines is by incorporating a series 
capacitor in the line, the use of which has been 
reported in the past by many a u t h o r s 29)^ has
been found that the series capacitors, by artificially 
reducing the line inductance, offer an effective 
and economical means of improving stability limits 
and thus permit the lines to carry more
power. The pioneer work in this field has been carried
(1 9) (2 1)out in the USA and Sweden . Recently, the perfor­
mance of series compensated lines has been studied by
(4-6 )various authors . These studies show the advantages
of compensating the inductive reactance of transmission 
lines by the use of capacitors in series with the line. 
Also, these studies describe schemes for protecting the 
capacitors against overvoltages, without any reference to 
the performance of line protection.
Some of the reasons attributed to possible applica-
^ (30,40) tions of series capacitors are ' :
(a) Improvements in the performance and stability 
of the transmission lines.
(b) The possibility of attaining more favourable 
load distributions between different lines 
functioning in parallel.
(c) The scope for regulating the line voltage 
as well as reducing the voltage drop along 
the line.
(31 32)(d) Providing cheaper substitute ' as an 
alternative to construction of new lines.
Having established the usefulness of series capaci­
tors, there arises a fundamental question of the location 
of the capacitors in the system. Series capacitors can
9.
be placed either in the line or at intermediate sub­
stations. The advantages attributed to the location
( 32 )along the line are easier protection . However, 
location along the line means higher installation and 
operating costs because special intermediate capacitor 
stations have to be built at a distance from the switching 
and transformer stations and these require the services 
and facilities of any normal station.
Opinions differ on the optimum amount of compensation
and position for the capacitor installation on the line.
In practice, the amount of compensation and the location
depends on various factors, including economy, easier
(32)protection, power transfer capability, etc . The
most common location for any capacitor bank is either in
the vicinity of the line end for a 70% compensation
(usually split up into two halves) or the line mid-point
for a compensation of about 50%. In this respect, the
European manufacturers and utilities show a preference
( 4 )for location along the line , whereas the majority of
American utilities locate their capacitors at the line 
( 92 )terminals
In general, when a capacitor is subjected to distur­
bances, abnormal changes take place in the dielectric 
which result in breakdown or at least produce fatigue 
phenomena which cause ageing and shorten its useful life.
10.
To protect the capacitors from overloads, use must be 
made of by-passes, connected in parallel with the capaci­
tor unit and the gaps are set to breakdown and short
circuit the capacitor unit when the capacitor voltage
( 93 )exceeds a pre-determined safe threshold value 
It is desirable to have the capacitor reinserted back 
into the circuit immediately after the capacitor 
voltage has reduced below the critical value in order 
to improve the transient stability of the line. The 
two types of spark gaps normally used are the self­
clearing and the non-self-clearing type.
Series compensation introduces numerous problems 
not ordinarily encountered in the normal transmission 
system design, one of which is the maloperation of the 
various types of protective relaying scheme. The 
protection of series compensated transmission line is 
c o m p l i c a t e d ^ ^  by the fact that the circuit impedance 
is changed abruptly if the capacitor is short circuited 
by its own protective equipment (which is there to pro­
tect it from overvoltages) upon the occurrence of a fault. 
Hence the distance measuring devices are the most 
adversely affected. Although, phase comparison techniques
11.
are also employed, which are completely dependent on 
reliable communication links between the line ends.
Little work^^^'^^^ has been reported on the effect 
of travelling waves on distance relay performance, as 
applied to series compensated lines. Moreover, there is 
practically no work reported on the fault-transient 
phenomena associated with combined series-shunt compen­
sated e.h.y. long distance transmission lines, in which 
such effects as the frequency variance of the transmission 
line parameters, discrete transposition of the line and 
capacitor by-passing have been considered. Johns and
( 37 )Aggarwal , in their study of short lines, have shown 
that if the frequency variance of the transmission line 
parameters are neglected, the resulting waveforms contain 
considerably more distortion than is the case in practice 
and hence have suggested that to obtain a more realistic 
indication of the performance of distance protection it 
is necessary to take into account frequency variation of 
the line parameters.
(82 83)One present-day practice ' is to use a distance 
relay in which the setting is determined assuming that the 
capacitor is always in the circuit under fault conditions. 
This method is, however, unreliable, due to random nature 
in which a capacitor flashes over under various fault 
conditions, resulting in the possible maloperation of the
12.
protective relay. The other method is to set the relay 
assuming that the capacitors have flashed over. Again, 
because of the aforementioned reason, there would be a 
tendency for the relay to overreach if the capacitor 
does not subsequently flash over under certain fault 
conditions. Also, in some c a s e s i t  is common to 
use a conventional distance relay to cater for line 
faults occurring between relay location and capacitor 
position only, especially when the capacitor is located 
at the line mid-point. The local relays operate and 
initiate carrier signal transmission to the remote end 
whose circuit breaker trips sequentially. This method, 
besides being costly due to the cost of carrier equipment 
and transmission channel, is undesirable if high speed 
autoreclosing is required, the non-simultaneous opening 
of the circuit breakers at both ends of the faulted 
sections results in no 'dead time' during the autoreclosure 
cycle for the secondary arc to be extinguished and for 
ionised gases to clear, which can result in a permanent 
lockout of the circuit breakers at each end of the line 
section for a transient fault.
Careful planning and considerations have to be given, 
before any of the above methods is utilised. Moreover, 
it has to be realised wherever the system security is 
hindered, that this method should not be considered.
(39)Harder et al have in the past tried to analyse the
13.
effects of capacitor compensated line on distance protec­
tion using constant line and source parameters, which is 
only true under steady-state conditions. In the transient 
state the line and source impedances are no longer 
constant and they have a significant amount of high 
frequency components. However, they have presented useful 
analogue studies and analysed the voltages and currents 
due to various types of fault at different locations, 
associated with distance and phase comparison protection. 
Recently, various authors have highlighted the problems
associated with protecting the series compensated long
(82)distance lines. Elketeb and Cheetham have considered
the effect of distance relay responding to the possibility 
of voltage and/or current inversion on a series compen­
sated double circuit line for a three-phase fault. They 
have also described a new technique utilising the super­
imposed voltages and currents due to faults, which might 
overcome the problems of unwanted blockings of distance 
relays due to operation of directional voltage relays or 
the apparent capacitive source impedance, utilising the
(83)fully cross-polarised mho relay. Mathews and Wilkinson 
have described two measuring relays to determine direction 
for all fault types on a series compensated single 
circuit line. The first being a positive-sequence dis­
tance relay with a mho characteristic, which provides 
protection for three-phase faults. The second being a 
negative-sequence directional relay which provides
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protection for all unbalanced faults. Both the afore­
mentioned studies do not include the flashover effect of
(91)the capacitor unit spark gaps. Whereas,Tureli et al 
have investigated the performance of various types of 
distance, ground overcurrent, directional and phase 
comparison (carrier) relays on a series compensated double 
circuit line. They have also considered the flashover 
effect of the capacitor unit spark gaps. But their 
operation of various relays is based on steady-state 
quantities.
When an e.h.v. long line is subjected to a fault or 
switching operation, abnormal voltages and currents are 
produced, which have a wide range of frequency components. 
It is not possible to prevent the occurrence of these 
disturbances, but their subsequent effects can be limited 
with proper system design and protective devices. Hence 
a realistic and accurate knowledge of the transient 
behaviour of the system under such conditions is essential.
Faults on modern e.h.v. transmission systems have to 
be cleared as soon as possible to avoid excessive damage. 
Furthermore, fast fault clearance is essential to maintain 
system stability, to prevent any possible danger to people, 
and to prevent the escalation of single-line-to-earth 
fault to multi-phase-to-earth faults. For these reasons 
many studies currently focus on very high speed distance
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protection utilising mini-computers or microprocessor 
based systems. Extensive work in this field, however, 
does not give a clear indication of the true viability 
of many digital protective schemes from a practical point
( 37 )of view . From a measurement point of view, the 
nature of the problem is completely different when making 
the transition from the conventional protective schemes 
to those in which measurements are to be made from signals 
derived from a power system during a relatively short 
period of time following fault inception. With many 
conventional relays, the very noisy period following a 
fault is effectively ignored, and measurements commence 
after a delay without any loss of a c c u r a c y ^ ^ .
Here it is unnecessary to have a very precise knowledge 
of the response derived from faulted systems during 
this initial period. However, the same is not true 
when very high speed measurements are considered.
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because the waveforms from which measurements must be 
made can include very significant travelling wave 
components in both faulted and healthy phases. In 
order to design, test and develop any new high speed 
protective schemes an accurate knowledge of the fault 
transient response is essential.
The advantages of computer simulation techniques,
particularly in respect of the improved accuracy and
realism with which they enable transmission systems to
( ft )be modelled, are particularly well known . The 
computational techniques used may be broadly classified 
into the following:
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(1) Frequency domain methods based on the Fourier
(42 )transform using the theory of natural modes
(2) Time domain methods employed by Dommel^^^^ 
using a travelling-wave approach.
(3) The reflection lattice technique originally 
described by Bewley^^^^ and later used by 
others in the earlier work for computer simu­
lation of travelling waves in power systems.
In all these cases a considerable amount of effort, 
has been devoted to validating the results obtained. The 
use of such methods has tended to concentrate on the 
calculation of voltage transients, mainly because of 
their importance in circuit breaker designing and in the 
determination of line-energisation overvoltages for the 
purposes of attaining economical system insulation 
l e v e l s R e c e n t  years have seen a strong desire 
on the part of power-system engineers to achieve rapid 
fault-clearance times which in turn necessitate faster 
response times from the protective gear^^^'^^*. As a 
consequence, the travelling wave components in the fault 
current have become of importance, both in the manner in 
which they affect relay performance, and as a possible 
means of very rapid fault detection. The methods of 
Dommel and Bewley, however, assume lossless or distortion­
less propagation, and also in the latter method the line
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parameters are calculated at a single frequency. Most 
power lines have small losses, and for transmission 
involving only the lines themselves, the line distributed 
parameters can be considered nearly constant over a wide 
range of frequency. However, for transmission involving 
the earth, line resistance and inductance vary signifi­
cantly with frequency. Therefore, it follows that a loss­
less or distortionless model as devised by Dommel and 
Bewley is not a satisfactory representation of the line 
model, if extreme accuracy is required.
The occurrence of a fault on a line causes distur­
bances to be propagated away from the fault towards each 
source. As a result, this constitutes the formation of 
the travelling waves, which are ultimately damped by 
the system losses. Such phenomena represent a wide 
frequency variation and it is therefore necessary to 
evaluate the system response over the entire frequency 
spectrum. In this respect frequency domain methods based 
on the theory of natural modes as developed by Wedepohl^^^^ 
can be used to advantage. The accuracy of such methods 
for predicting the precise nature of the fault transient 
waveforms is now well e s t a b l i s h e d A t  this point 
it must be emphasised that a very realistic knowledge of 
the power system transients not only serves the purpose 
of examining effects of such transients on the protective 
equipments, but also their importance in predicting any
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system overvoltages, according to which, suitable and 
economical insulation levels can be determined.
It is important to note that, quite apart from any 
effect the capacitor locations and amount of compensation 
may have on relay performance, the source side network 
transmission system comprising of a number of infeeding 
lines itself can significantly affect distance relay 
p e r f o r m a n c e ^ ^ . In particular, the lower apparent 
frequencies of the travelling wave induced components 
which arise in long line application are generally more 
troublesome because they can fall within the bandwidth of 
the signal transducers and protective relays and thereby
( 34 )more significantly affect relay performance . Here, 
irrespective of the precise nature of the protective 
relays used, the variation of distance protection perfor­
mance with system configuration is likely to be very 
marked in long distance series compensated lines.
1.2 Aims of the Thesis
This thesis describes in detail the development of 
frequency domain methods of fault transient analysis as 
applied to capacitor compensated lines, both for a single 
and multi-section feeder. The methods developed are 
suitable for studying a series compensated line both with 
and without shunt compensation; the latter being either
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in the form of a 3-reactor or a 4-reactor bank.
The main objectives are:
(1) To develop mathematical and digital techniques 
to simulate practical series compensated 
systems.
(2) To develop techniques to accommodate for 
the random behaviour in which a capacitor 
(or capacitors) sparks over, under various 
fault conditions. Here it must be stressed 
that this non-linearity makes a series 
compensated line one of the most difficult 
to protect.
(3) To develop techniques for studying the 
fault transient phenomena associated with 
single-pole autoreclosure of combined 
series-shunt compensated lines.
The techniques developed are hence used to study the 
effects of series compensated lines on the primary system 
waveforms, both for the purposes of studying protection 
performance and the overvoltage phenomena. The methods 
developed have been designed to be sufficiently flexible 
so as to enable a variety of system configuration 
(including complex source side network) to be studied 
under various fault conditions. The two possible capacitor
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locations studied are at the protected line ends and 
the mid-point. In the former case, the amount of compen­
sation used is 70%, whereas for the latter 50% and 30% 
respectively. Moreover, both 3-reactor and 4-reactor 
schemes at each end of the protected line with practical 
levels of both p.p.s. and z.p.s. shunt compensation are 
used.
It is also the objective of this thesis to report the 
salient features of an extensive off-line study of the 
performance of typical cross polarised mho relays utilising 
the block average p r i n c i p l e a n d  sequence c o m p a r a t o r ^  
the latter offering faster operating times, when applied 
to a typical 500kV horizontal constructed line. The effect 
of the location of capacitor, amount of compensation and 
feeder configurations on both speed and accuracy of the 
relay is established. It is intended to reach conclusions 
regarding the most efficient and reliable method of apply­
ing the spark gap techniques to distance protection and thus 
contributing to the solution of a major problem associated 
with series compensated e.h.v. transmission lines.
The methods developed to incorporate series 
capacitors either at line ends or at mid-point of a 
single section feeder along with a brief review of series 
compensation are presented in Chapter 2. It also deals 
with the simulation techniques for determining the shunt
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reactor bank and the analysis of transposition, combined 
series and shunt compensation, and multi-section feeder 
system primarily for the purpose of a more realistic 
representation of source side models.
In Chapter 3, different spark gap schemes are 
described followed by the application of single pole 
autoreclosure techniques to combined series and shunt 
compensated system. The techniques developed to simulate 
arrangements for by-passing the capacitor are also 
presented.
The circuit configuration is shown in Chapter 4. 
Besides the basic parameters, the series capacitor para­
meters, including the threshold voltage for various 
capacitor location and shunt reactor parameters, are 
presented. The parameters for the various protective 
schemes used are also included in this Chapter.
Chapters 5-8 cover the digital computer results of 
the various fault studies. Chapter 5 shows the effect 
of capacitor location, degree of series compensation, 
combined series and shunt compensation, etc, on both 
single and multi-section feeders. In Chapter 6 the 
effects of system overvoltages due to capacitors sparking 
over are presented. Chapter 7 deals with the complete 
simulation of the combined series and shunt compensation
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with special reference to single pole autoreclosure 
techniques. Chapter 8 shows a detailed study of the 
performance of the cross polarised mho relay as applied 
to the well-known block average relay and the sequence 
comparator relay on both single and multi-section 
feeders.
General conclusions and suggestions for future work 
are presented in Chapter 9.
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CHAPTER 2 STEADY STATE ANALYSIS OF A SERIES
COMPENSATED FEEDER
2.1 Introduction
The usefulness of series capacitors to compensate 
for the increase in line inductance of long lines, and 
thus improve their power transfer capabilities, is well 
known ̂ ̂ ^  ̂ .
Furthermore, in such lines, the use of shunt 
compensation to compensate the line charging current 
under normal healthy conditions and the suppression of 
ground-fault arcs especially in single-circuit lines 
employing single pole autoreclosure techniques, is a
( 34 )well established technique , Hence, widespread use 
is made of combined series and shunt compensation in 
such systems.
Also, in long distance transmission, it is normal 
practice to transpose the line at regular intervals, 
usually at one-third of the total distance.
This Chapter is primarily concerned with outlining 
a detailed steady state analysis of a combined series- 
shunt compensated line, for both a simple source model 
and a more practical source model. Furthermore, in 
order to have a more accurate evaluation of the transient
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behaviour of such lines, it is necessary to consider 
more realistic source-side models which can comprise not 
only of the main source, but also a number of infeeding 
lines each with its own local generation (hence the 
multi-section feeder) as opposed to a line terminating 
at the busbar in a source model comprising only of 
series lumped parameters.
A brief review of the existing series compensated 
schemes is presented in Section 2.2, which includes a 
brief discussion on the amount of compensation used in 
practice (also the various problems encountered, 
specially when the line is overcompensated) and the loca­
tion of capacitors.
In Section 2.3 the theory of matrix function as 
applied to a transmission line is briefly reviewed.
The simulation of series capacitor bank is presented 
in Section 2.4, followed by the transfer matrix function 
up to and beyond the points of fault which is described 
in Section 2.5.
Section 2.6 considers the mathematical model of 
the system and this leads to the steady state analysis 
used for calculating the steady state voltages and 
currents at the relaying points, the prefault steady
26.
state voltage at the point of fault followed by the 
steady state calculation of the voltage across capacitor 
and the current through it, a knowledge of all this 
being essential in simulating different aspects such 
as fault inception, single pole autoreclosure and spark 
gap operation.
Section 2.7 presents a brief description of the 
digital simulation of shunt reactor bank, followed by 
the simulation of the transposition scheme in Section 2.8
Section 2.9 deals with the simulation of combined 
series and shunt compensation systems, and fundamentally 
the simulation of a multi-section feeder, primarily for 
a more realistic source representation, is detailed in 
Section 2.10.
2.2 Basic Review of Series Compensation
2.2.1 Amount of Compensation
The amount of compensation used in long lines is 
referred to as the degree of compensation, and this is 
defined as the ratio of capacitive reactance of the 
series capacitor to that of total series line inductive 
reactance .
There are no general recommendations stating to
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what extent the inductive reactance should be compensated, 
However, only the minimum capacitive reactance necessary 
to reduce the voltage drop to the desired level should 
be attempted. The effect of overcompensation must be 
approached with caution, as this would only add to the 
problems of protecting such lines as already mentioned 
in Chapter 1. Here it is worth mentioning that whilst 
from a normal steady state point of view overcompensation 
is desirable, as this would be an automatic boost to 
compensate for almost all of the reactive drop and part 
or all of the resistive drop, in practice, however, the 
amount of compensation is never increased to more than 
7 0 % /  primarily because of the protection problem. 
The other problems that can be encountered with a series 
compensated line
(1) Sub-synchronous resonance (SSR) during motor 
starting.
(2) Ferro-resonance in transformers.
(3) Hunting of synchronous motors during normal 
operation.
2.2.1.1 Sub-synchronous resonance
As the starting currents of large induction or 
synchronous motors contain substantial sub-harmonic 
components, resonance can be set up between series 
capacitive reactance and the inductive reactance of the
28.
circuit and motor. This occurs at a frequency below 
the nominal power frequency and the result is that the 
motor accelerates from rest up to sub-synchronous speed 
corresponding to the resonant frequency and continues to 
rotate at this reduced s p e e d T h i s  may result in 
excessive vibration and large current pulsation which may 
damage the machine. The problem can be overcome by 
damping out the resonance using a resistor of at least 
10 to 20 times the capacitive reactance in parallel with 
series capacitor or short circuiting the capacitor during 
sub-harmonic disturbances. SSR is most likely to occur 
if the system contains a motor having a rating larger 
than about 10% of the circuit full loading.
2.2.1.2 Ferro-resonance
This problem is associated with the shape of the 
magnetisation characteristic of the transformer. If the 
magnetising reactance is considerably reduced it may 
resonate with the series capacitor reactance.
It occurs when the transformer is energised with no 
load on the secondary, or when the primary voltage is 
substantially increased. If the load is suddenly removed, 
the capacitor discharge current causes saturation and 
resonance. High voltages may appear across the capacitor 
and during ferro-resonance may make the capacitor protec­
tive gap to flashover, and this condition may continue
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until the circuit is de-energised. The remedy to this 
problem is to put parallel damping resistor across the 
capacitors so as to retain a minimum amount of voltage 
on the transformer side of the capacitor during energi­
sation or by siting the capacitor remote from the 
transformer.
2.2.1.3 Hunting
Synchronous motor connected to transmission lines 
may 'hunt' when subjected to sudden load variation. 
Hunting tends to increase in a circuit which has a low 
X:R ratio. However, in practice no such problem has 
been known to occur in series compensated lines.
2.2.2 Location of Capacitor
At present, two well-known solutions are in use as 
regards the possible location of the capacitor 
These are:
(i) Location along the lines, i.e. a single
capacitor bank is placed at the mid-point if 
the desired compensation level is less than 
50%, one or two banks are placed one-third or 
two-thirds of the way along the line from 
about 30% up to 70% compensation.
(ii) Location at one or both line terminals in 
the substations.
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The location along the lines is advantageous as 
line protection is simplified and short circuit currents 
in the capacitor and allied protective equipment are 
reduced. However, the operating cost increases consider­
ably and maintenance becomes an additional problem. The 
location at line terminals in the substations, besides 
being economical (as there is no need to build separate 
capacitor protection station) is of special interest 
when a large amount of series compensation is required, 
because in this case smaller capacitor units are used at 
each end of the line.
The question of the best capacitor location is still 
very debatable. The Europeans prefer to locate them 
along the lines, whilst capacitor location at one or 
both terminals is preferred by the Americans. In any 
case, series capacitors can be placed at any convenient 
location on a feeder, provided the following requirements 
are met:
(a) Voltage level at the output terminals of the 
bank should be well below the line insulation 
and lightning arrestor breakdown levels.
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(b) In the case of long transmission lines,
where stray capacitance is significant,
series capacitor location is normally
related to both the technical and economical
problems of series capacitor installations.
This would involve the study of the
behaviour of transmission lines as to
where the capacitors should be inserted,
ie (i) at the centre of the line,
(ii) at the sending end, (iii) at the 
receiving end, and (iv) at each end of 
the transmission lines.
The overall parameters of the transmission 
system are affected by the above-mentioned 
locations of the series capacitors. The 
situation which offers the most economical 
evaluation should be chosen.
It must be remembered that when the capacitor
is placed at the sending end, leading sending
(25)and receiving end power factor results 
Leading power factors at the sending and
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receiving ends are undesirable, because they 
reduce the efficiency and steady state 
stability of synchronous generators. Hence 
this situation should be avoided.
The best possible location of the capacitor, 
if the power transfer is unidirectional, is at 
the receiving end. But, if the system is a 
double-end fed, then the series capacitor 
should be placed either in the middle or one 
at each end, the latter being for a higher 
degree of compensation.
(c) Line protection should be adequately dealt 
with.
(d) Effective insulation of available MVAR 
capacity has to be considered.
(e) Economics and feasibility of the configura­
tion should be considered covering availability 
of auxiliary supply for protection.
Therefore, it is evident that the best possible 
location cannot be dealt with off-hand, but has to be 
carefully considered, taking into consideration all 
the various possibilities and economical aspects.
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2.3 Matrix function for line modelling
In this Section, methods suitable for representing
a distributive line model under steady state.conditions
are considered. The basic methods used in the calculation
of the series impedance and shunt admittance matrices are
(41)those developed by Galloway et al , which takes into 
account conductor geometry, the parameters due to the 
conductor itself and the effect of the earth return.
(33)The theory of natural modes developed by Wedepohl 
enables a solution to the system voltage steady state 
equations given by equation 2.1 to be transferred into a 
series of independent differential equations of the form 
of equation 2.2.
- = Z Y V  . . . ( 2 . 1 )
dx^
Therefore V = exp(-Yx) + exp(H'x) . . .  (2.2)
where Y = Q y Q ^
The techniques used in calculating the propagation 
constant, characteristic impedance and characteristic 
admittance of a single equivalent conductor of a trans­
mission line cannot be employed when a matrix analysis 
of a multiconductor line is being made. This problem is 
resolved by evaluating the eigenvalues and eigenvectors 
of the matrix for which the function is desired. The
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theory of matrix function permits the evaluation of 
the hyperbolic functions, the polyphase surge impedance 
and surge admittance necessary for the solution of the 
problem.
For example, the polyphase surge impedance matrix 
is given by equations 2.3 and 2.4:
Zg = Q Q"^ Z . . .  ( 2 . 3)
and cosh (fx) = Q cosh (yx) Q . . .  (2.4)
At power frequency, line parameters are calculated
by considering each mode of propagation, the multi-port
equations representing each element in the system are 
formulated and voltages and currents at the relaying 
points evaluated.
2.4 Simulation of Series Capacitor Bank
Figure 2.1 shows the circuit of the capacitor 
arrangement considered. The degree of compensation 
(Scap) in terms of the positive phase sequence (p.p.s.) 
line inductance (L.̂  ) for a series capacitor bank of
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capacitance (C) compensating a line section of length 





1 . . . (2.5)
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where X_ and X^ are the series capacitive and 1 cap L ^
reactance respectively.
m e
The degree of compensation , adopted in
major transmission systems, is generally within the 
range of 20% to 80%^^^.
It follows from equation 2.5 that the capacitive 
reactance is given by:
X 1cap DojC
for a capacitor located at the middle 
- _ ________Or: Xcap “ ‘^cap “0 “ 1
for a capacitor at each end of the line.
. . (2.6)
The cannonical form of the two port or transfer 
matrix function defining arrangement of Figure 2.1 is 
given in equation 2.7.





where [ ̂cap] X 0 0cap
0 X 0cap
0 0 Xcap
2.5 Transfer Matrix Function
A faulted transmission system with a series 
capacitor at each end is given in Figure 2.2. It 
should be mentioned here that although in most practical 
systems employing two capacitors per phase, the location 
of the capacitors is close to the busbars, there 
however are systems when the capacitors are located 
along the line, away from the terminating busbars. For 
this reason, the system and the analysis, both steady 
state and transient (Chapter 3) presented here, considers 
a general case whereby the two capacitors can be located 
anywhere along the line.
The transfer matrix function representing the line 
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. . . (2 .8)
where: A. = cosh(Y£_ ), B. = sinh(Y£ )Z_,1 cap 1 cap 0
Cl = = V°®^<”cap>̂0 '
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U is a unit vector matrix, £ is the distance ofcap
capacitor location from either end.
The submatrices defining the transfer matrix 
representing the line section beyond capacitor location 
and up to the fault point are found by substituting the 
length by (x - •
Equation 2.8 can be used in combination with the 
corresponding matrices between the point of discontinuity 
and the receiving end busbars, to yield a relationship 
between voltages and currents at either end of the line 
as g i v e n ^  in equation 2.9, which shows the 
multiplication process involved.
’  Vs' ' E)'
_  Ts _  C)
U Zcap
0 U
2 2 F F
C„ D„2 2 F F
X
^3 ®3








. . . (2.9)
In the above equation the submatrices representing 
the line section beyond the fault and capacitor location 
and also between the capacitor location and the receiving 
end are found by substituting the lengths by
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(L - X - £ ) and £ respectively. The matrixcap cap ^
defining the fault discontinuity is formulated accor­
ding to the type of fault simulated.
2.6 Mathematical Model of the System
With reference to Figure 2.3, is sinusoidal
and equal to the steady state voltage at the point of 
fault before the disturbance. A suddenly applied 
voltage, which when added to ,represents the post­
fault voltage. A solution may thus be obtained by 
performing two separate calculations in which the desired 
voltages and currents are evaluated when is applied
to the energised system, and the superimposed suddenly 
applied voltage applied to the de-energised system.
The latter is primarily a transient part, the analysis 
of which is dealt with in detail in Chapter 3.
2.6.1 Steady State Calculation of Voltage Vector Vp^
As mentioned previously, a knowledge of the steady 
state voltage vector Vp^ is not only required as a 
pre-requisite to the transient part of the analysis, but 
is also necessary when studying single pole autoreclosure 
techniques (Chapter 3). The vector Vp^ is evaluated 
from a knowledge of the pre-fault voltages at the 
terminating busbars. It should be noted that before
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the fault, the sending and receiving end current and 
voltage transforms are related by equation 2 .10.
V Ss
Ss _
■  ^ ®e ‘
°E.




. . . (2 .1 0)
where ^1 ®1 u zcap A2 ®2
°L °1 ^ 0 U ^2
and ■ -R E r ' '  ^3 B 3 ' u Zcap '^4 B 4 '
_ S ^R °3 0 U C 4 ■̂ 4 _
The sending and receiving end current before the 
fault is then given by equations 2.11 and 2 .12.
"ss = Vr3 + DsBg-l . . (2 .11)
1rs = (Vgg - AgV^s) . . . (2 .1 2)
Also,









Each of the equations 2.11, 2.12 and 2.14 is 
evaluated at power frequency because the prefault 
condition is essentially a steady state one.
2.6.2 Analysis for Determining Currents Through and 
Voltages across Capacitor
A knowledge of the prefault steady state voltages 
across the series capacitor and the currents through 
them is essential when simulating the capacitor spark 
gap techniques (Chapter 3).
With reference to Figure 2.4(a), which is concerned 
with the sending end, matrix relations as shown in 
equations 2.15 and 2.16 are obtained.
andr
■ ® S s c  ■ ' Bl
“ISes Ol
■ Vscs U ^cap
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. . . (2.17)
Using equations 2.15 and 2.17 it can be easily 
shown that the current through and voltage across the 






^cap ^1 ^Ss ^cap ^1 ^Ss
Di :ss - Cl Vss
. . . (2.18) 
. . . (2.19)
Likewise from Figure 2.4(b) it can be similarly 
shown that the current and voltage across the
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receiving end capacitor are as given in equations 2.20 
and 2 .21.
^Rcs ^4 Vrs * °4 ^Rs . . . (2 .20)
SRcs = %cap ^4 V r s  + Zcap °4 ^Rs . . .  (2.21)
2.7 Simulation of Shunt Reactor Bank
Shunt compensation of long line serves two purpo-
ses(50'51).
1. Limitations of power frequency overvoltage.
2. Neutralisation of shunt capacitive coupling 
between phases.
There are various reactor configurations in use^^^ 
but the most common are the three-phase reactor or the 
four reactor scheme, as illustrated in Figures 2.5(a) 
and 2.5(b). In terms of the p.p.s. and z.p.s. values 
of the shunt capacitance of the line (C.j , C^) the para­
meters of any shunt reactor bank compensating one-half 
of any line section of length (£) are given by equation
2.22 (49) ^
hi 2 / (wQ^Li^Ci £)
and hQ = 2 / (^^q'^OrCq ’ * * <2 .22)
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The reactor impedances as given in equation 2.23
( 34 )are essentiallythose determined by Johns et al
^n *n + iw 3o) Q^h^hiCqCi £ " ^ 0^0 ^
. . . (2.23)
Using these impedances, the matrix representation 
of a three reactor bank or a four reactor bank is given 
by equations 2.24 and 2.25 respectively. This part is 
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(2.24)
(2.25)
It is convenient ultimately to combine the shunt 
reactor arrangements with the line sections involved, and 
for this purpose the canonical form of the two port or 
transfer matrix function defining the arrangement of 
Figures 2.5(a) and 2.5(b) by equation 2.25 is particu­
larly useful.
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Vl U 0 Vz
^SR U h
. . . (2.26)
"here 
equal to
is the reactor admittance matrix and is
In this thesis 3-reactor banks, when studying the 
performance of the protective gear and 4-reactor banks, 
when studies related to single pole autoreclosure as 
applied to series compensated lines are used.
2 .8 Simulation of Transposed Line Section
When a communication circuit runs in parallel ‘with 
a high voltage overhead transmission lines, large voltages 
may be induced in the former resulting in acoustic shocks 
and waves, thus causing not only interference in the 
communication circuit but also posing a hazard. The 
induced voltages are due to electrostatic and electro­
magnetic induction, and are reduced considerably by 
transposing (ie artificially balancing) the power 
line^^^^. Transposition which is effectively exchanging 
the positions of the conductors at regular intervals 
along the line so that each conductor occupies the 
original position of every other conductor over an equal 
distance. The effect of transposition is to provide an 
equilateral spacing, so as to balance first the
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capacitances of the lines, which means that the electro­
statically induced voltages balance out over the length 
of a complete set of transpositions, and secondly to 
reduce the electromagnetically induced emfs in the con­
ductors. A complete transposition cycle is shown in 
Figure 2.6, where a, b, and c are the phase conductors. 
Transposition results in each conductor having the same 
average inductances and capacitances over the whole cycle
In modern power lines, it is not common practice 
to build overhead lines with transposition towers, for
(34)economic reasons . However, an interchange of the 
conductor position is made at switching stations. Hence 
discrete transposition is often performed at the termina­
tion of each section or at intermediate points thereon. 
Since transposition represents an abrupt point of discon­
tinuity from which incident wave components are partially 
reflected, it is important to simulate their effect when 
studying the transient behaviour of lines. It is 
convenient initially to compute the matrices describing 
each homogenous line section and with reference to 
Figure 2.6 the transfer matrices for a first section 
fault between the fault point F and the receiving end 
R are given by equations 2.27, 2.28 and 2.29.
. . . (2.27
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where A^p = cosh{4'(£/3 -x)}, B^p = sinh{4'(£/3 -x) }Zq
C^p = Y^sinhC T ( £/3 -x)}, D^p = Y^coshC'I'( £/3 -x) }Zq
and A = cosh(Y£/3), B = sinh ('i'£/3) Z^, C = Y^sinh ('F£/3) ,
D = Y^cosh (4'£/3) Zq
A transposition matrix [ t ] can be introduced to 
effect the necessary transposition by relating
[^R5' ^Rs] ' [^R4' IR4 ] ' [^R3' ^R3 ]
Vr2 , Ipgj ^ . Therefore the order in which equation
2.27 to 2.29 has been mentioned is as follows.
V R5
R5
^R5a ^R5b ^R5c ^R5a ^R5b ^R5c • * * * (2.30)] '
V R4
R4
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^R2b ^R2c ^R2a ^R2b ^R2c ^R2a
. (2.32)
. . (2.33)
Matrix T is therefore as given in equation 2.34 and 
the overall line transfer matrix between fault points F 
and R is given by equation 2.35.
. . . (2.34)r _ -1 ' V r 2 ■= [ t ]
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^LR ®LR ^2F ®2F A B
[t ]
A B
where = [t ]
<=LR ^LR ^ 2F ^ 2F





0 1 0 
0 0 1 
1 0 0
[ t  ],
By a similar approach the line transfer matrix 
between points F and S is obtained as shown in equation 2.36
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'  Vps ■ ^ F «IF Vs
“^FS ^ 1F «IF -:s
. . . (2.36)
where = cosh(Yx), = sinh(Yx)ZQ,
C^p = YQsinh(Yx), D^p = Y^cosh (H'x) Z^
It should be noted that the overall line transfer 
matrix of an unfaulted line section of any length, £, 
will be given as by equation 2.37.
. . . (2.37)
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where Â  ̂ = cosh(Y£/3), B̂  ̂ = sinh ( £/3) Z^ ,
= YQsinh(Y£/3), = Y^sinh (t£/3) Z^
2.9 Simulation of the Combined Series and Shunt
Compensation
It is a well established fact that a long distance 
e.h.v. a.c. transmission system requires the use of 
series capacitors and shunt reactors. This is done so 
as to reduce series reactance and shunt susceptance of 
the lines, which in turn improves system stability 
and voltage control, increases the efficiency of power 
transmission, facilitates line energisation and reduces 
temporary and transient o v e r v o l t a g e s ^ ^ .
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There can be numerous different locations as to where 
the series capacitors and shunt reactors can be 
located( ^. The majority of the work presented 
in this thesis has been carried for the shunt reactors 
placed at the busbars and for two positions of the 
series capacitors, (i) a capacitor bank located at 
each end of the line, and (ii) a single capacitor bank 
at the mid-point of the line.
From a steady state point of view it is convenient 
computationally to combine the reactor-capacitor bank 
and the transposed line section for the case where a 
capacitor is located at each end.
With reference to Fig 2.7(a), the relationship 
between the fault point voltage and current and the 
receiving end quantities is as shown in equation 2.38
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Similarly, the transfer matrix linking points F and 
S is described by equation 2.39.
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^ 1F ® 1F
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2.10 Simulation of Composite Source Impedances (parti­
cularly with reference to a multi-section feeder)
In power system analysis, although it is common 
practice to assume that the line under consideration is 
energised either from infinite busbars or lumped parameter 
sources, however, for an accurate and realistic evaluation 
of system transients for the purpose of examining protec­
tion equipment performance, etc, it is often necessary 
to have a more realistic source-side representation.
Source side networks rarely comprise of only loca­
lised generation and in general the busbar at either end 
of the line often terminates other lines, which in turn 
are remotely terminated in equally complex source 
networks. As the analysis is arranged to consider simply 
sources as impedance matrices (Z^^ and Z^^), any 
arbitrary source configurations can be incorporated into
the analysis by pre-computing the source impedance
( 34 )matrices at all frequencies of interest . A change 
in source side network is thus readily effected without 
any fundamental change to the simulation software.
Hence a change in the source represents only a change in 
the program data. This flexibility is fundamental to 
all frequency domain methods and is particularly useful 
in practice, in that one basic simulation package then 
effectively satisfies the requirements of any arbitrary 
sources (and for that matter any line configuration).
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In practice, a line may have several infeeds 
terminating at a switching station busbar. There are 
a number of possibilities as regards practical source
( 34 )side networks and one such system considered in the
present study is as shown in Figure 2.8.
On the source side, the equivalent impedance matrix 
can be made up of impedances of various infeeds and 
their local generations (together with the impedance of 
the main generation) terminating in busbar under consi­
deration .
The system considered here consists of the main 
generator on each side of the line, together with one 
infeed on the sending end busbar side with its local 
generation, and two infeeds (with local generation) on 
the receiving end busbar side. The line under considera­
tion has both series and shunt compensation. A series 
capacitor and a shunt reactor are located at each end 
of the faulted line as shown in Figure 2.8.
To understand the modelling of this complex source 
representation, it is best to start with a model as 
shown in Figure 2.9(a), which represents a typical 
practical system). The transfer matrix equation 2.40 









where = cosh(Y£2 ), = sinh(V£^) ,
C £3 = YQSinh(4'£^) , = Y^cosh (H»£^) Zq
The total current entering the first section at, 
say, the receiving end is given by
R VR + Ir 3
and it follows that the overall transfer matrix of the 
first section, including the local infeeding source of 
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Similarly, equation 2.42 defines the canonical 








where A^^ = cosh(Y£^), B^^ = sinh(Y£^)ZQ,
^£4 " YQsinh(4'£^) , = Y^cosh ( H'£̂  ) Z^
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Again taking the local infeed and main source 
impedance as [2^2 ] [ ̂ r 1 f^sP^ctively, a relationship
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From equation 2.43 it can be shown that
U ZR
0 U
^R ®RE ^RE ^R . . . (2.44)
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Now, for the sending end side, say (Figure 2.9(b)) 
the transfer matrix is given by equation 2.45.
Vg ^ 1 B £1 Vg2
_-îg1 «£1
. . . (2.45)
where = cosh(Y£i), = sinh (4'£̂  ) ,
C ^1 = YgSinh(Y£i), = Y^cosh (H'̂ i ) Z^
Taking local infeed and main source impedance as 
^ZgiJ and j^Zg J respectively the relationship as given 
in equation 2.46 is obtained.
V g ^ 1 ®£1
_ - ï g  _ _ ^ £ 1  + [ Z s i ] " ' A £ 1 « £ 1  '  [ 2 s i ] - ' b , i  _
S2
-I S2
A £1 B £1
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From equation 2.46, it can be easily shown that
V. ^SE ^SE . . . (2.47)
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Hence the total composite source impedance matrix 
at the receiving and sending end is given by equation 
2.48 which is obtained from equations 2.44 and 2.47.
^RT Br E «RE
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Figure 2.1 Capacitor bank arrangement
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Figure 2.5 Shunt reactor arrangement
(a) Three phase reactor
(b) Four reactor bank
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Figure 2 .6 Discretely transposed line model
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CHAPTER 3 TRANSIENT-FAULT ANALYSIS OF A COMBINED
SERIES-SHUNT COMPENSATED SYSTEM WITH 
SPECIAL REFERENCE TO SINGLE POLE AUTQ- 
RECLOSURE
3.1 Introduction
The demand for an accurate and realistic model 
representation to predict the fault transient behaviour 
of e.h.v. transmission systems is increasing. Digital 
based methods of simulation provide a means of realis­
tically simulating the very complex transients which 
can affect the operation of the protection schemes and 
also predict any system overvoltages, according to which 
suitable and economical insulation levels can be 
determined.
The techniquesfor simulating the fault transient 
phenomena for an uncompensated and shunt compensated
ê
systemare well e s t a b l i s h e d H o w e v e r ,  in the case 
of series compensated lines, the problem becomes more 
complex due to the additional non-linearities introduced 
by the spark gap operations under fault conditions.
Before going to the detail of 
the mathematical analysis, a brief review of the various 
protection schemes in use for protecting the series 
capacitor against excessive overvoltages is presented 
in Section 3.2.
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As mentioned previously, single pole autoreclosure 
techniques can be used to advantage in long distance 
transmission lines. Such techniques when applied to a 
series compensated line can add to already existing 
problem of protecting it. This is so because of the 
abrupt changes in the circuit impedances (due to 
capacitor flashovers) during the fault period. The 
problem being further accentuated by the sequence of 
events during the fault clearance and breaker closures, 
which can have a profound effect on the protective gear. 
It was in the light of this that it was decided to do 
some studies relating to single pole autoreclosure 
techniques as applied to series compensated lines, the 
basic arrangement and complete frequency domain solution 
of which is detailed in Sections 3.3 and 3.4.
3.2 Spark Gap Classification^
When high currents due to fault initiation are 
flowing through the capacitors continuously, a danger­
ously high voltage is developed across it. Hence the 
capacitor/capacitors need to be protected against these 
undesirable overvoltages. All capacitor protective
schemes on e.h.v. system use spark gaps connected across 
(88 89)it ' . These spark gaps are set in such a manner
that when the voltage across it reaches a certain pre­
determined threshold value, that particular capacitor is
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removed from the system. Spark gaps can be classified 




This is a high speed type of protection and very
commonly used in the USA. It consists of complicated gaps
as shown in Figure 3.1, utilising air blast to suppress
the arc. Under fault conditions, the capacitor is
usually short circuited in the first 5-20 ms at spark
over voltages of about 2.5 to 3.5 p.u. In the absence
of protection, overvoltages as high as 5-6 times the
(78)normal voltage can be reached
The air blast is not without its own problems and
requires correct functioning, and is dependent on the 
following :
(i) air pressure failure:
(ii) high/low pressure on control air;
(iii) mechanical/valve/regulator/switch failure.
Hence the valves have to be protected separately 
and this involves extra financial resources, along with 
added risk. Also the repetitive arc tries to reinsert
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the capacitor at overload conditions and this may cause 
extra stresses on capacitor discharge.
Because of the negative attitude to air blast 
Ahlgren and Grundmark^^^^ developed magnetic quenching 
gap equipment. However, this gap is of limited size 
and must be made to match the power system. It, too, 
may extinguish at instants of clearing and reflash every 
half cycle causing extra stresses on the capacitor 
dielectric.
3.2.2 Non-self-clearing Gaps
The spark gap is the most vital protective item of 
a series capacitor and hence it must be robust and safe 
from any failure. Because of the limited size of self­
clearing gaps (although to reduce the switching transients 
to a minimum the gap must be large) and the extra 
stresses on capacitors exposed to repetitive arcs and 
consecutive discharge, the European manufacturers prefer 
the open ventilated non-self-clearing gaps with large 
carbon electrodes and rotating spark without the need 
for valve controls. The triggering system is also robust 
and safe; that is the reason it is mounted outside the 
power gap cubicles. The scheme is simple and initiates 
an instantaneous voltage rise and sparkover in the 
power gap without waiting for charging of auxiliary 
capacitors and additional voltage swings in oscillatory 
circuits ̂ ̂ ^  ̂ .
60.
The various alternative schemes are described 
below.
3.2.2.1 Single gap scheme
The advantage of this scheme is its simplicity and 
safety, as illustrated in Figure 3.2(a). The open 
ventilated, heavy duty spark gap with triggering device 
has been described by Ahlgren et al^^^^ as the most 
reliable coupling device in power system.
The spark gap can be exposed to a short circuit 
current of 1OkA r.m.s. maximum for 3 to 5 cycles and 
it allows for a moderate speed reinsertion along the dead 
interval of the line reclosure. This is accepted in 
many places, particularly as most faults are single-phase- 
to ground type in which single phase capacitor/capacitors 
reinsertion may be utilised.
In this thesis the action of single gap schemes is 
particularly considered.
3.2.2.2 Dual gap or 'Flip-Flop* scheme
The greatest advantage of this scheme is that it 
provides the necessary high speed capacitor reinsertion 
by using the same simple and heavy duty equipment as in 
the basic single gap scheme. In other words, this too 
does not have any complicated or expensive items.
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Figure 3.2(b) illustrates such a scheme.
High speed reinsertion is obtained by adding a 
parallel branch consisting of a spark gap with a lower 
setting in series with a breaker. The breaker is 
opened immediately after the line fault has cleared.
3.2.2.3 Dual gap or 'Stability Booster* scheme
TKis scheme, as shown in Figure 3.2(c) is particu­
larly suited in those systems exposed to the following:
(a) Extreme voltage transients;
(b) High short circuit loads;
(c) SSR disturbances.
In this case, the extra branch consists of a spark 
gap in series with a non-linear resistor and a breaker. 
The non-linear resistor automatically reinserts the 
capacitor into the transmission system as soon as the 
fault current through the stability booster drops, on 
fault clearing. Another advantage of the stability 
booster is that it is connected into the circuit and 
supports the stability during the fault time.
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3,3 Basic Arrangement of the Complete System for the
Transient Solution
Figure 3.3 shows a single line diagram of the basic 
arrangement considered. As mentioned previously, the . 
shunt reactors at each end are combined with the line 
section between the busbar and the capacitor location.
In this context it is quite obvious that for the case 
where the capacitor location is close to the busbars, the 
combined shunt reactor-line section simply reduces to a 
matrix representing the shunt reactors only. Using this 
model, an earth fault (or a phase-phase fault) can be 
easily simulated by closing the appropriate switches at 
the fault point. Fault break-off is likewise simulated 
by opening the appropriate fault point switches in series 
with the fault path resistors. The capacitor sparkover 
simulation and the subsequent reinsertion, together with 
the opening and reclosure of the circuit breakers (the 
latter being associated with single pole auforeclosure 
techniques) is simulated in a similar fashion. In this 
respect, it must be mentioned that the operation of the 
various switches is assumed to be ideal, a commonly made 
assumption, the simulation of the non-linear behaviour 
of the arcing phenomena, especially across the fault 
path, being beyond the scope of this work.
In series compensated lines, the protective gaps 
across the capacitors are arranged to sparkover whenever
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the voltage across a capacitor reaches a certain pre­
determined threshold value, this being in the region of 
about 2.75 p.u. for most practical systems. The operation 
of the spark gaps, especially under fault conditions, is 
essentially of a random nature, ie it is impossible 
to predefine in advance firstly as to how many capacitors 
would flashover during the fault period, and secondly 
the precise sequence in which the spark gaps would 
operate, both the aforementioned being dependent on the 
type of fault study carried out. This therefore intro­
duces a large number of network time non-linearities, 
the number varying according to whether a system has 
just one single capacitor in each phase or two capacitor 
banks per phase. Furthermore, the complexity of the 
whole simulation procedure is accentuated when single 
pole autoreclosure sequences have also to be implemented. 
In fact, the scale of the problem becomes so great that 
it makes it very impractical to develop discrete mathe­
matical methods for simulating each possible sequence. 
Furthermore, there are limitations posed by the digital 
computer storage requirements for implementing such large 
numbers of discrete programs. It was in the light of 
this that an extensive study was carried out, resulting 
in the development of mathematical modelling techniques 
for solving the foregoing problems.
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3.4 The Mathematical Techniques
The principles underlying the mathematical tech­
niques developed for studying the transient behaviour 
of a series compensated line under fault conditions are 
essentially an extension of those developed by Johns and 
Aggarwal^^^^ for an uncompensated system and can best 
be explained by considering a system going through the 
various aforementioned time variant sequences.
It can be clearly seen from what has been said so 
far that essentially there are two different problems:
(i) the time variant manner in which the various 
sequences of events take place, and (ii) the wide range 
of the frequency contents of the transient responses.
This means that the principle of superposition has to 
be applied in two different contexts to deal with the 
two mentioned problems.
3.4.1 Simulation of the Time Variant Non-linearities
As regards the first problem, the time non- 
linearities generated by the various sequences such as 
fault inception, capacitor bypass switch operations and 
the circuit breaker operations can be simulated indirectly 
by replacing each switch in Figure 3.3 by a set of 
parallel current generators, the number of these being 
dependent on the number of circuit states 'n'. This 
is shown in Figure 3.4, which shows a single line
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diagram of the system considered. For the system 
simulated, it can be seen that during a complete cycle, 
the number of possible circuit states are:
(i) the normal prefault steady state for all time;
(ii) fault inception at time t ^ ;
(iii) capacitor flashover at time t ^ ;
(iv) breaker pole opening at time t ^ ;
(v) fault break-off at time t ^ ;
(vi) capacitor reinsertion at time t^;
(vii) breaker reclosure at time t ^ .b
Thus, there are seven possible circuit states associated 
with this practical study and this means that there have 
to be seven parallel current generators associated with 
each switch in Figure 3.3. So that in Figure 3.-4, the 
total current, say, through the capacitor bypass switch 
is given by equation 3.1.
7
^SS ^ ^  ^SSk * * * .1 )k = 1
The individual components of the current are arranged so 
that for any period of time for which the switch is 
open, the total current i^g = 0. Likewise, during any 
time the switch is closed, e^ the voltage across the 
capacitor is zero.
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Applying the principle of superposition to the 
circuit of Figure 3.4, the circuit can now be de-coupled 
into seven separate circuits as shown in Figures 3.5 (a-g) 
It can be clearly seen that there are an infinite number 
of combinations of currents and voltages within the super^ 
imposed circuits of Figure 3.5. However, the computa­
tional process is greatly simplified by making use of 
the fact that the voltages and currents associated with 
each switch do not always have finite values during one 
complete cycle of events. As, for example, considering 
the current components through the capacitor bypass 
switch igg-j = 0 for all time, igg2 ~  ̂ for t < t^ , 
isS3 = 0 for t < tj, . . . , lss7 = 0 for t < tg.
Likewise, for other currents and voltages. In the case 
of the total current i^g through the capacitor bypass 
switch it should be noted that igg = 0 for t^ < t < tg. 
Thus, by constraining the various current and voltage 
components to zero during the various sequences, the 
whole computational process is greatly simplified.
The subsequent parts of the response are then 
determined by a series of voltage and current injection 
at appropriate points in the circuit coupled with the 
principle of superposition; this is shown in Figures
3.5 (a-g) . With reference to Figure 3.5 Figure (a) shows 
the steady state response of the system, ie response 
for all time. This part is solved with the sinusoidal
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PP2 “ - ®FF1 ^ ) driving the first superimposed
source voltage as the forcing function, as shown in 
Chapter 2. The remaining superimposed circuits 
(Figures 3.5(b-g)) are then solved by setting all the 
source voltages to zero.
The steady state value ®pp*| (as discussed in 
Chapter 2) thus obtained from Figure 3.5(a) is used to 
calculate the suddenly applied voltage 
e
circuit of Figure 3.5(b). The resulting solutions to 
the circuits of Figures 3 . 5 (a,b) then enable the driving 
voltage for the second superimposed circuit of Figure 
3.5(c), [^g3 = - (®g-| + ®s2^ h(t - tg)] to be determined
as a pre-requisite to its solution. Similarly, other 
dependent solutions on the remaining circuits of 
Figures3 . 5 (d-g) are likewise performed by applying the 
current and voltage.
^^BS4  ̂ ^BS2 ^BS3^ ̂  ^
t^FF5 ^ "(^FFI ^FF2 ^FF3 ^pF4 ̂ ̂  ̂ ^“^4 ̂ ̂
^^886  ̂ "(^881 ^882 ^883 ^884 ^S85^ ̂  ̂ ^“^5  ̂̂
and
[^B87 “ ^^B81 ^B82 ^B83 ^B84 ^B85 ^B86^^^^ ^6^^
The above simplified example clearly shows that this 
technique can be readily applied to any arbitrary confi­
guration. Once the steady state response is known, a
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series of de-energised circuit models with current 
generators connected at the various points where the 
changes occur are solved, the injection being made at 
such points.
3.4.2 Frequency Domain Analysis
The steady state response is obtained from a solution 
of the basic equations obtained in Chapter 2. However, 
when a transmission system is undergoing the various 
aforementioned circuit changes, it is subjected to a 
wide range of frequency variations and in order to take 
into account these variations the simulation technique 
as discussed in Section 3.4.1 should be implemented in 
frequency domain.
The basic Fourier integral in its continuous form 
is given by equation 3.2.
00
f (t) = f(w) exp(jwt)dw . . . (3.2)
In practice the frequency components are truncated,
giving rise to considerable inaccuracies in the time
(45)domain. As a result, the modified Fourier integral 
of the form as shown in equation 3.3 is used in this 
work for obtaining the time domain response.
f(t) = Re ^xp^at) y af(o) - ja) exp ( jcot) do.
° . . .  (3.3)
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A frequency shift constant, a, is introduced to ensure 
numerical stability, when the integral is evaluated 
digitally.
The finite range of integration gives rise to Gibbs 
oscillations and this is overcome by the introduction of 
the sigma factor, as given in equation 3.4.
It should be noted that for the purposes of 
simulating the aforementioned time-variant non-linearities, 
a modified Fourier integral of the form of equation 3.5 
has also to be evaluated
I^ = / i^ exp(-j(o) - ja))t dt . . .  (3.5)
computationally in order to obtain the frequency spectra 
of the suddenly applied quantities (such as i ^ , etc, 
which are in the time domain) at the point of change.
The frequency domain solution can be best explained 
with reference to Figure 3.6, which shows a single-line 
superimposed model of the full system. From the previous 
Section, it is obvious that in order to obtain a complete 
solution to the full sequence of events, six such 
circuits have to be solved. In this analysis, in order
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to make the explanation simpler, the suffix k (= 2 ,3,4,5, 
6,7) is used to relate to the k^^ superimposed circuit. 
Representing the various line section by the two port 
network as shown in Chapter 2 and from Figure 3.6 the 
following matrix relationships are obtained for the 
quantities on the sending-end side of the fault.






^SSk ^Sk ^csk ' ^Sk =  ^Sk ^SSk . . . (3.7)
A2 ®2 ^3 ®3 ^FFk
. . . (3.8)
^Sk _ C2 ^2 C 3 °3 _ ^FSk
^FFk = ^FFk ' *F ^FSRk . . . (3.9)
Likewise for the relationships on the receiving end of 
the fault.
Using these various equations, a matrix relation­
ship between the k^^ superimposed transform currents at 
the points of change such as the fault path current 
IpSRk' the currents and through the two
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capacitor bypass siwthces and the breaker point 
currents and , and the associated transform
voltages across each current generator, these being
& F k '  ®Sk' ®Rk' Ëgsk ^BRk respectively, as shown 
in equation A1.34, is obtained. The actual derivation 
of this matrix relationship is shown in detail in 
Appendix (A1.1).
The (15 X 15) admittance matrix relationship of 
equation A1.34 is essentially a universal relationship, (for 
all faults involving earth), ie for a particular fault study, 
remains unchanged irrespective of the circuit (as there is a 
possible number of six of these) under consideration. For this 
reason this matrix is computed only once and then stored 
at the beginning of each study, thus cutting down on the 
computational process considerably. The matrix relation­
ship shown in equation A1.34 has been derived for a 
system subjected to a single-phase-to-earth fault. When 
dealing with a phase-to-phase fault (Figure 3.7) simu­
lation the various currents and voltages are obviously 
related via a totally different matrix. Appendix (A1.2) 
shows the derivation of such a matrix relationship for 
a phase-to-phase fault and it can be seen that the form 
of the final matrix derivation is similar to the one 
devised for a single-phase-to-earth fault.
Studies have also been carried out with a single
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capacitor located at the mid-point. In such a case, 
a completely different matrix of the order (12 x 12) 
is obtained. With reference to Figure 3.8 (single- 
phase-to-earth fault), a relationship between the 
fault path current the current i^apk through the
capacitor bypass switch and the breaker point currents 
Igg^ and and the associated voltages across each
current generator and can be
similarly obtained.
3.4.3 Superimposed circuit solution
With reference to the matrix relationship of 
equation A1.34 it can be seen that there are a vast 
number of combinations of the fifteen known transforms 
which can arise, and it is very impractical to compute 
all the matrix operations necessary to provide a 
solution for each possible superimposed circuit. However, 
this problem is partly overcome by making use of the 
fact that there are always fourteen known zero valued 
transforms (combinations of currents and voltages) 
associated with any superimposed circuit. The fifteenth 
value is the known frequency transfer of the voltage 
or current which energises the superimposed circuit at 
the point at which the circuit change represented occurs.
The simplest way of illustrating the computational 
procedures involved is by considering the full system
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model of Figure 3.6, going through the various afore­
mentioned circuit changes. Analysis for two different 
types of fault, ie single-phase-to-earth and a pure 
phase-to-phase, would be shown. In the first part it 
would be assumed that the system is subjected to a 
single-phase-to-earth fault on the 'a' phase, followed 
by the 'a' phase receiving end capacitor flashover, the 
opening of the 'a' phase breaker poles, fault break off, 
capacitor reinsertion and finally the breaker reclosure. 
In the second part, the analysis for a system subjected 
to a 'b'-'c' phase fault followed by the spark gap 
operation across the sending end 'c ' phase capacitor 
would be chosen. In this respect, it should be mentioned 
that it is normal practice to utilise 3-phase auto­
reclosure schemes for all faults other than single-phase- 
to-earth. Simulation of such a scheme for the second 
part where a phase-to-phase fault is involved is beyond 
the scope of this work.
3.4.3.1 Single-phase-to-earth fault
3.4.3.1.1 Fault inception simulation
With reference to equation A1.35 the zero valued
transforms are Ëgg^ajb.c' ®BRka,b,c ' ^FSRkb,c ' 
ïsska,b,c ÎRRka,b,c • above mentioned trans-
forms are placed in their appropriate current and voltage 
vectors of the universal impedance matrix, which when 
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With reference to equation 3.10 all the rows and 
columns corresponding to zero valued transforms in the 
current vector can be removed, which produces a reduced 
matrix relationship of equation 3.11 which in turn is 
inverted to produce 3.12.
-
^FFka *1/1 *1,10 *1,11 *1,12 *1,13 *1,14 *1,15 ^FSRka
0 ^10,1 *10,10 *10,11 *10,12 *10,13 *10,14 *10,15 ^BSka
0 ^11,1 *11,10 *11,11 *11,12 *11,13 *11,14 *11,15 ^BSkb
0 ^12,1 *12,10 *12,11 *12,12 *12,13 *12,14 *12,15 ^BSkc
0 ^13,1 *13,10 *13,11 *13,12 *13,13 *13,14 *13,15 ^BRka
0 *14/1 *14,10 *14,11 *14,12 *14,13 *14,14 *14,15 ^BRkb
0 _*15,1 *15,10 *15,11 *15,12 *15,13 *15,14 ^15,15. _^BRkc _
. . . (3.11)









Now E , is the fifteenth known transform which is the
^ TOB
suddenly applied voltage of the form / e e ^^ dt;. r r I a
1
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where e^^^^ is the time domain variation of prefault 
steady state component and TOB the observation time. 
Further substitution of the resulting known current 
vector of equation 3.12 into the full impedance matrix 
of equation 3.10 enables the remaining voltage transforms 
to be obtained. The transforms of the quantities of 
interest are then converted into the time domain using 
the FFT routine, and these when added to the time 
variation of the steady state component give the total 
solution at this stage. For example, the total time 
domain response of, say, the receiving end 'a* phase 
capacitor voltage at this stage would be:
*RTa<b> = *R1 a ‘b) + ®R2a<b ’
3.4.3.1.2 Capacitor flashover simulation
The procedure adopted for simulating the capacitor 
flashover is, on fault inception, to scan all the 
voltages across the six capacitors in the time domain 
and whichever of these voltages reaches the pre-defined 
threshold value first, that constitutes the first 
capacitor flashover and therefore a circuit change.
A solution to the superimposed circuit associated with 
this circuit change is then obtained (as would be shown 
later on) resulting in the time domain variation (after 
transfer from frequency to time domain) of a new 
component, which when added to all the previous compo­
nents gives the total time domain response at this
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stage. The process is then repeated for the remaining 
five capacitors. At this point,it must be mentioned 
that the capacitors, which do flashover mostly do so 
within a cycle from fault inception.
In this particular example if, say, the 'a' phase 
receiving end capacitor flashover first, then with 
reference to equation A1.35 the zero valued transforms
®FFka ' ^BSka,b,c ' ®BRka,b,c ' ^FSRkb,c ' 
îsska,b,c ÎRRkb,c • Again, by adopting the foregoing 
procedure, the matrix relationship as shown in equation 
3.13 is obtained, which in turn is inverted to produce 
equation 3.14.
-
0 ^1,1 *1,7 *1,10 *1,11 *1,12 *1,13 *1,14 *1,15 ^FSRka
^ a ^7,1 *7,7 *7,10 *7,11 *7,12 *7,13 *7,14 *7,15 ^RRka
0 *10,1 *10,7 *10,10 *10,11 *10,12 *10,13 *10,14 *10,15 ^BSka
0 *11,1 *11,7 *11,10 *11,11 *11,12 *11,13 *11,14 *11,15 ^BSkb
0 *12,1 *12,7 *12,10 *12,11 *12,12 *12,13 *12,14 *12,15 ^Skc
0 *13,1 *13,7 *13,10 *13,11 *13,12 *13,13 *13,14 *13,15 ^BRka
0 *14,1 *14,7 *14,10 *14,11 *14,12 *14,13 *14,14 *14,15 ^BRkb
0 *15,1 *15,7 *15,10 *15,11 *15,12 *15,13 *15,14 *15,15 ^BRkc











. . . (3.14)
ERka is the known transform and is given by
'Rka
TOB . .
{ (SRIa + =R2a) dt ,
2
where e = time domain variation of prefault steady 
state component, and = component due to fault
inception.
As mentioned before, the quantities are converted 
to the time domain using the EFT and the necessary 
addition done to give the total solution at this stage. 
For example, the total time domain solution of, say, 
the 'a' phase sending and receiving end breaker current 
would be:
^BSTa*^) ^BSIa^t) ^BS2a(t ^1^ ^BS3a ^2^
^BRTa(t) ^ ^BRIa^t) ^BR2a^^”^1^ ^BR3a^^”^2^*
As mentioned earlier in this Section, the process is 
repeated for the remaining five capacitors.
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3.4.3.1.3 Breaker current interruption simulation
For this study purpose, it will be assumed that 
both the sending end and the receiving end poles are 
opened simultaneously, although the program can quite 
easily deal with the non-simultaneousity of this 
process. The criteria used are with reference to 
equation A1.34; the known zero valued transforms are
^FSRkb,c ' ^SSka,b,c ' ^RRkb,c ' ^FFka ' ^RKa ' ^BSkbc ' 
^BRkb c * Again, by adopting the foregoing procedure
the matrix relationship of equation 3.15 is obtained
which in turn is inverted to produce equation 3.16.
Here it should be noted that because the known transforms
are current, the admittance matrix is made use of rather










^,2 ^ , 3 ^,4 ^ , 5 ^,6 ^2,8 *2,9 *2,10 *2,13
^3,2 ^3,3 ^,4 ^3,6 ^ , 8 *3,9 *3,10 *3,13
^4,2 ^4,3 ^4,4 ^4,5 ^4,6 ^4,8 *4,9 *4,10 *4,13
^5,2 ^5,3 ^5,4 ^5,5 ^5,6 ^5,8 *5,9 *5,10 *5,13
^6,2 ^6,3 ^6,4 ^6,5 ^6,6 ^6,8 *6,9 *6,10 *6,13
^,2 ^ , 3 ^8,4 ^ , 5 ^,6 *8,8 *8,9 *8,10 *8,13
^,2 ^9,3 &9,4 ^,6 *9,8 *9,9 *9,10 *9,13
S o ,2 ^10,3 ^10,4 ^10,5 ^10,6 *10,8 *10,9 *10,10 *10,13

































^BRka ^ { (^BRla ^BR2a ^BR3a^ ®
^3
where i__. , i__. = time domain variation of prefaultISO I a isK I a
steady state component.
^BS2a ' ^BR2a ~ component due to fault inception.
i__^ , inno = component due to capacitor flashoverBS3a ' BR3a ^
At this stage, the total time domain fault point variation 
would be:
^TSRTa(t) ^FSR2a^^”^1^ ^FSR3a^^"^2^ ^FSR4a^^ ^3^
^FSRIa^^)' the steady state part component is zero.
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3.4.3.1.4 Fault break off simulation
After the breaker current interruption, the fault is
broken off at the first zero crossing after the magnitude
of the secondary arc current reaches 28A peak. Again the 
admittance/matrix is made use of and with reference to equation A1.34 
the known zero valued transforms are I,FSRkb,c '
^SSka,b,c ' ^RRkb,c ' ^BSka ' ^BRka ' ^Rka ' "BSkb,c '
^BRkb c the resulting matrix relationship is given
in equation 3.17, which in turn is inverted to yield 
equation 3.18.
^FSRka ‘v . ^1,2 *1,3 *1,4 *1,5 *1,6 *1,8 *1,9 *1,10 *1,13
0 *2,1 *2,2 *2,3 *2,4 *2,5 *2,6 *2,8 *2,9 *2,10 *2,13
0 ^,1 *3,2 *3,3 *3,4 *3,5 *3,6 *3,8 *3,9 *3,10 *3,13
0 ^4,1 *4,2 *4,3 *4,4 *4,5 *4,6 *4,8 *4,9 *4,10 *4,13
0 - ^,1 *5,2 *5,3 *5,4 *5,5 *5,6 *5,8 *5,9 *5,10 *5,13
0 ^6,1 *6,2 *6,3 *6,4 *6,5 *6,6 *6,8 *6,9 *6,10 *6,13
0 *8,2 *8,3 *8,4 *8,5 *8,6 *8,8 *8,9 *8,10 *8,13
0 *9,1 *9,2 *9,3 *9,4 *9,5 *9,6 *9,8 *9,9 *9,10 *9,13
0 ^10,1 *10,2 *10,3 *10,4 *10,5 *10,6 *10,8 *10,9 *10,10 *10,13































t. FSR2a ^FSRSa ^FSR4a
^FSR2a ~ component due to fault inception.
^FSRSa ~ component due to capacitor flashover.
^FSR4a ~ component due to current interruption.
At this stage the total time domain response of the 
current through the bypass switch (across the 'a' phase 
receiving end capacitor, say) is:
^RRTa(t) ^RR3a^^"’̂ 2^ ^RR4a^^’*̂ 3̂  ^RR5a^^”^4^
Components due to the steady state and fault inception
(^RRla ' ^RR2a^ zero.
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3.4.3.1.5 Capacitor reinsertion simulation
During the dead interval (after fault break off) the capa­
citor is reinserted back into the system. With reference to eqn 
A1.34 the known zero valued transforms are IpgRka ^ ^ ,
^SSka,b,c ' ^RRkbfC ' ^BSka ' ^BRka ' "BSkb,c
"BRkb c * Hence a matrix relationship of equation 3.19
is obtained, which in turn is inverted to give















■RRka the known transform and is given by: 
TOB




component due to capacitor flashover 
component due to current interruption 
component due to fault break off
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At this stage, the total time domain response of the 
voltage across the say 'a' phase sending and receiving 
end breaker is:
^BS5a^^"^4^ ^BS6a^^”^5^
^BRT^^ ̂  ®BR4a^^”^3^ ®BR5a^^”^4^ ^BR6a^^"’̂ 5^
Components due to steady state, fault inception 
and capacitor flashover ' ®BS3a '
®BR1a ' =BR2a ^BR3a'ar= :er°'
3.4.3.1.6 Line reclosure simulation
In order to deionise the line fault, a dead inter­
val is commonly required before line breaker auto­
reclosure sequence takes place. Again as before, both 
the sending and the receiving end breaker poles are 
simultaneously closed. With reference to equation A 1 .35 
the known zero valued transforms are ^ ,
"BRkb,c ' ^FSRka,b,c ' ^SSka,b,c ' ^RRka,b,c 
represented by a matrix relationship of equation 3.21
which in turn is inverted to give equation 3.22.
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“ _ “* -
"BSka ^10,10 *10,11 *10,12 *10,13 *10,14 *10,15 ^BSka
0 *11,11 *11,12 *11,13 *11,14 *11,15 ^BSkb
0 = ^12,10 *12,11 *12,12 *12,13 *12,14 *12,15 ^BSkc
"BRka *13,10 *13,11 *13,12 *13,13 *13,14 *13,15 ^BRka
0 *14,10 *14,11 *14,12 *14,13 *14,14 *14,15 ^BRkb
0 *15,10 *15,11 *15,12 *15,13 *15,14 *15,15_ _^BRkc _










"BSka ' "sRka the known transforms and are given
by :
TOB
"BSka  ̂ { ^®BS4a ®BS5a ^BS6a^ ®
^6





component due to current interruption
component due to fault break off




3.4.3.2.1 Fault inception simulation
With reference to equation A1.45 the zero valued 
transforms for a 'b'-'c' phase fault (say) are
"BSka,b,c ' "BRka,b,c ' ^Fkab,ca ' ^SSka,b,c 
iRRka c • Again adopting the procedure of the
previous Section the matrix relationship as shown in
equation 3.23 is obtained, which in turn is inverted
to give equation 3.24.
"'FFkbc ^2,2 ^2,10 ^2,11 ^2,12 ^2,13 ^2,14 ^2,15 ■^kbc
0 ^10,2 *10,10 *10,11 *10,12 *10,13 *10,14 *10,15 ^BSka
0 ^11,2 *11,10 *11,11 *11,12 *11,13 *11,14 *11,15 ^BSkb
0 = ^12,2 *12,10 *12,11 *12,12 *12,13 *12,14 *12,15 ^BSkc
0 ^13,2 *13,10 *13,11 *13,12 *13,13 *13,14 *13,15 ^BRka
0 ^14,2 *14,10 *14,11 *14,12 *14,13 *14,14 *14,15 ^BRkb


















where “ time domain variation of prefault steady
state component.
At this stage, the total time domain response of, say, 
the sending end 'c ' phase capacitor voltage would be:
3.4.3.2.2 Capacitor flashover simulation
With reference to equation A1.45 the zero valued 
transforms are ' % S k a , b , c  ' ®BRka,b,c '
^Fkab,ca ' ^SSka,b ^RRka,b,c ' mentioned
earlier, the matrix relationship of equation 3.25 is
obtained, which in turn is inverted to give equation 3.26.
-
0 ^2,2 92,6 ^2,10 92,11 ^2,12 ^2,13 ^2,14 ^2,15 ■̂ Tkbc
"Skc ^6,2 *6,6 *6,10 *6,11 *6,12 *6,13 *6,14 *6,15 ^SSkc
0 ^10,2 *10,6 *10,10 *10,11 *10,12 *10,13 *10,14 *10,15 ^Ska
0 = ^11,2 *11,6 *11,10 *11,11 *11,12 *11,13 *11,14 *11,15 ^BSkb
0 ^12,2 *12,6 *12,10 *12,11 *12,12 *12,13 *12,14 *12,15 ^BSkc
0 ^13,2 *13,6 *13,10 *13,11 *13,12 *13,13 *13,14 *13,15 ^BRka
0 ^14,2 *14,6 *14,10 *14,11 *14,12 *14,13 *14,14 *14,15 ^Rkb











[ ' a c  1
. . . (3.26)
The known transform is given by:
'Skc
TOB . .
/ <=S1c + "S2c> dt
^2
where = time domain variation of prefault steady
state component.
^S2c ~ component due to fault inception.
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Figure 3.2 Non-self-clearing type gap
(a) single gap scheme
(b) dual gap or 'flip-flop' scheme
(c) dual gap or 'booster' scheme
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Figure 3.4 Simulation of network time non-linearities
(a) physical arrangement
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CHAPTER 4 CIRCUIT PARAMETERS
4.1 Introduction
The simulation results presented in Chapters 5 to 
8 are for two different systems. In one system, the 
busbars at each end are terminated in relatively simple 
sources comprising of series lumped impedances based 
on the main source generations only, and in the second 
system, complex source side models comprising of 
infeeding lines with their local generations together 
with the main generations are considered. Both systems 
comprise SOOkV, single circuit transmission lines. The 
line sections, both the line model and the infeeding 
lines, are discretely transposed at regular intervals 
using the scheme as shown in Chapter 2. Two most 
common series compensated schemes are considered, one 
in the form of two capacitors banks along the line, 
and the other being a single capacitor at the middle of 
the line. The total amount of compensation for the 
former is taken as 70% and for the latter, two separate 
cases with degrees of series compensation of 50% and 
30% are considered. In the case of shunt compensation, 
schemes with both three-reactor bank and four-reactor 
bank have been considered and these have been incorpo­
rated at the ends of the line model only. The shunt 
reactor compensation is taken as 75% p.p.s. and 
67.4% z.p.s, the latter being based on zero secondary
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arc current. The simulation of the various capacitor 
and reactor schemes has already been described in 
Chapter 2.
In this Chapter the parameters of the transmission 
line model (including the infeeding line), series 
capacitors, shunt reactors, main sources and local 
sources associated with each infeeding lines and the 
Fourier transform parameters are presented. Also the 
parameters of the two main types of protective schemes 
considered one based on the block average p r i n c i p l e ^ ^  
and the second employing the sequence comparator 
p r i n c i p l e ^  (both schemes consider the independent 
and dependent mode of operation, the latter being 
with respect to permissive overreach and blocking) are 
presented.
4.2 Transmission Line Parameters
4.2.1 Circuit Studied
The fault studies apply to a typical horizontal 
construction, twin conductor, SOOkV single circuit line 
as shown in Figure 4.1. The data which applies to both 
the line model and the infeeding line is as follows:
(a) phase conductors are 2 x 84/19/0.25cm SCA 
with 0.45m bundle spacing.
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(b) earth wires are 7/0.35 cm A.W.
(c) earth resistivity is lOOfim.
(d) conductor resistance = 0.033870/km (at 
power frequency).
(e) earth wire resistance = 1.8820/km (at power 
frequency).
(f) conductor reactance = 0.0078650/km (at 
power frequency).
(g) earth wire reactance = 0.3880/km (at power 
frequency).
(h) conductor overall radius = 9.1cm.
(i) earth wire overall radius = 0.64cm.
(j) line lengths for the two systems considered 
are :
(1) 1st system - length of line model = 300km
(2) 2nd system -
Length of main line model = 300km.
Infeeding line on the sending end source of
length = 300km.
Two infeeding lines on the receiving end source 
of length = 150km each.
93.
4.2.2 Basic Computed Parameters
The power frequency parameters of the line models presented 
here are not only essential from the steady state part of the 
analysis, but are also necessary for determining the 
parameters for shunt reactor, series capacitor, etc.
These computed parameters are for the per unit length 
of impedance and admittance matrices, propagation 
constant and the line surge impedance and the admittance.
They are evaluated using the same principle as sugges- 
ted by Galloway et al . Velocities of different 
modal components are also presented.










. . . (4.1)
Admittance matrix (Y)
[Y] =
j 0.3529 -j 0.0087 -j 0.0404
-j 0.0087 j 0.3529 -j 0.0404
-j 0.0404 -j 0.0404 j 0.3576
. . . (4.2)
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From equations 4.1 and 4.2, the propagation constant 
matrix (y) is;
[y] = [0.2544 + j 0.1726 0.0571 + j 1.1070
0.06448 + j 1.0690] * 10"^ diag . . . (4.3)
The surge impedance matrix (Zq ) is:
385.8- ] 3 9 . 04 79.74-j23.25
[Zq ] = 79.74-j23.25 385.8 - j 3 9 . 04




. . . (4.4)






. . . (4.5)
The different mode velocity propagation is given by 
equations 4.6 and 4.7.
For earth modes = 2.38 x i0 km/s . . . (4.6
For aerial modes = 2.92 x 10^ km/s
. . . (4.7
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4.3 Series Capacitor Parameters
In this Section, the calculated capacitor para­
meters at power frequency are presented alongwith the 
calculated threshold voltage for capacitor spark gap 
operations.
4.3.1 The Compensating Capacitor
As mentioned in Section 4.1, basically two series 
compensated schemes are considered. In the case where 
two capacitors are employed per phase, of the total 
70% compensation, 35% is associated with each of the 
two capacitors.
The ABCD matrix representation of the series
capacitor bank is as described in Chapter 2 and the
value of X , the capacitive reactance, used in the cap' ^
representation of the various aforementioned cases is 
as shown in Table 4.1
Type of scheme Percentage of compensation 





Total 70% (35% 






Table 4.1 Value of X^^^ for different levels of compen­
sation
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4.3.2 Determination of the threshold voltage
Typical loading of the 500kV line = 1,000 MVA
Full load current (I^„) = 1000*10
/3.500.10^
= 1.15kA
For 70% compensation, with a capacitor at each end 
Rating of each capacitor = = 42.92 MVAR
Voltage across each capacitor = X^^^
= 32.45 X  1.15 
= 37.318 kV r.m.s.
Sparkover voltage (2.75 p.u) = 2.75 x 37.318
= 102.645 kV r.m.s
Capacitor is designed to withstand = 102.645 x /2
= 145.139 kV peak
For the case of single capacitor at the middle, 
working on similar basis it can be shown that the value 
of threshold voltages
= 207.34 kV peak for 50% compensation,
or = 124.42 kV peak for 30% compensation.
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4.4 Shunt Reactor Parameters
The calculation of the shunt reactor parameters is
(95)based on the theory developed by Kimbark
4.4.1 Calculation of
X . , the inductive reactance of the main reactors I
(used both for three reactor and four reactor schemes) 
depends on the unit chosen value of , the p.p.s. 
degree of shunt compensation, in this case being 0.75.
From equation 4.2, the total p.p.s. shunt admittance
-5' (at power frequency) for half the line = 36 . 52 x 1 0 y
Now, if B.j is the shunt admittance of each of the 
two shunt reactor banks, then:
B., ' = 27 . 39 X 1 0“  ̂ y . . .  (4.8)
Hence, X.̂ = 1/B^ = 3.65kO.
4.4.2 Calculation of X  n
In the calculation of the neutral reactance of a 
four reactor bank, it is assumed that there is complete 
neutralisation of the interphase capacitances between 
the sound phases and the isolated phase for studies 
pertaining to single pole autoreclosure techniques, 
ie the magnitude of the secondary arc current is assumed 
to be zero.
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Under these conditions, from equation 4.2, 
-5B q ' = 28.01 X 10 y is the total z.p.s shunt 
admittance (again for half the line).
For complete neutralisation of the interphase 
capacitances
- B q ) = (B., ' - B q ') . . .  (4.9)
where B^ is the equivalent z.p.s. admittance of the
-5four reactor bank and is equal to 18.88 x 10 y .
Using equations 4.8 and 4.9, it can be shown that
V i  " 5? « i ' - B q '
=-- 3----- =-----------------------3B.J (B., - B^' + Bg')
548.540
Furthermore, h ^ , the z.p.s. degree of compensation,
is such that B^ = h^ B^', which gives h^ = 0.674.
4.5 Source parameters
As mentioned previously, two types of practical source 
model used are:
(1) In the case of simple sources:
The source short circuit level = 5, 10, 35 GVA 
Source ZgQ/Zgi ratio = 1.0
Source X/R ratio = 30.0
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(2) In the case of complex source model:
The main source short circuit level = 5,6,7, 35 GVA
and corresponding ^^^io = 0.6,0.6,0.5,0.5
The short circuit level of local
generation = 0.25, 1, 5 GVA
and corresponding ratio = 0.5, 0.5, 0.4
Source X/R ratio = 30.0
4 . 6 Fourier Transform Parameters
Observation time TOB = 32, 64, 128 ms.
Frequency shift constant a is such that: 
for TOB of 32 ms, a = 200
for TOB of 64 ms, a = 100
for TOB of 128 ms, a = 50
Truncation frequency = 2.0kHz and the number of
samples considered are 128, 256 and 512.
4.7 Protective Relay Parameters
In this analysis, two different type of relays
based on the block average principle and the sequence
comparator operating in three different modes are used.
Zone 1 relay (or the independent mode) setting = 80%
Permissive overreach (the dependent mode)
setting = 120%
Blocking (the dependent mode) setting = 150%
100.
In all the three cases, the characteristics are 
arranged so that the diameter of the nominal mho circle 
has an argument which is 10° less than the p.p.s. line 
impedance argument. The nominal c.t. ratios are 1200/1 
and the v.t. ratios are 500/0.11 for a 500kV system. 
Responses are obtained for a level of sound-phase pola­
risation equal to 10% of the sound-phase voltage or 
voltages and the comparators have a setting voltage 
equal to 0.1V.
From equation 4.1:
= (0.0344 + j 0.3090) x 10"^fi/m
= (0.2981 + j 0.9894) x 10"^fi/m
The impedance of the protected line is
= 0.8 X 300 X 10^ (0.03442+j0.3090) x 10“ f̂i
= 74.61870 /83°6
oThe mho characteristic argument is 73.6.
4.7.1 Independent Mode Relay Parameters
Table 4.2 gives the detail of Zone 1 parameters used 
The mho characteristic of the relay with different 
levels of compensation is shown in Figures 4.2 to 4.4 
To illustrate an example of the calculation involved, 
a particular case withacapacitor at each end (70% total
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compensation, 35% associated with each of the two 
capacitors) is shown.
(i) Block Average Relay
The current replica impedance (from Figure 4.2(a))
I S = 43.250.






500.103 X 1200 X 43.25 11 .4180
Knowing = 68° (from Figure 4.2(a))
Xm /1 + cot' 12.31470
Therefore L = 0.03919H m
and R, = X Tan (j)_ = 30.479950.b m T
The residual compensating factor K is given by
0.7745K
zLO - 1zLI
(ii) Sequence Comparator Relay
Equation A3.9 of Appendix (A3) gives the value of n
1n. ^1^2 800 ^1 ^2
and L = 1  therefore L = 0.0031831 H 0 m m
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From equation A3.11 of Appendix (A3):
Vq (t)
/ 0 = / . , . = 90° - tan  ̂ Aj- + tan  ̂ - tan  ̂ $1 (t) 1 -1 I
From design point of view Q' = /3 
Therefore /0 = 210° - 2tan  ̂ Q = (J)
From Figure 4.2(a), (|)̂ = 68.0
Therefore 68° = 210° - 2tan
Therefore Q = 2.9042.
Equation A3.3 (Appendix A (3)) gives
Hi^Q
400 137.73160
and from equation A3.10
I (t)
! i(t)



























46.36 32.45 27.82 -
average
29.00 43.25 48.00 76.00
|Zj-' 1 7.656 11.418 12.672 20.064
8.6312 12.3147 13.4853 20.9150
<J>T 62.5 68.0 70.0 73.6
0.027470 0.039190 0.042925 0.066575
16.58040 30.47995 37.05045 71.06310
K 0.7745 0.7745 0.7745 0.7745
Se­ Q 3.43084 2.9042 2.74750 2.50018
quence
corrpar- 0.003183 0.003183 0.003183 0.003183
ator
R(!2) 116.5895 137.7316 145.5869 159.9885
^ml <«> 0.09748 0.14540 0.16130 0.25550
7072.200 10549.047 11702.623 1853 7.023
Table 4.2 Zone 1 relay parameters
4.7.2 Dependent Mode Relay Parameters
For the permissive overreach and blocking mode 
cases, working on the similar basis as the previous Section, 
the associated parameters can be obtained as detailed in 
Table 4.3. The mho characteristic
of such relay with different relay setting is








|z^| (n) 114.5 142.0
ẑ 'l (fi) 30.228 37.488
x j a ) 31 .51 39.0779
<t>T 73.6 73.6
0 . 1 00299 0.124389
R^fO) 107.061795 132.775415
K 0.7745 0.7745





R^ (n) 27923.43026 34629.93101
Table 4.3 Permissive overreach and blocking mode
parameters
4.8 Filter Parameters
The parameters of the low pass Butterworth type of 
filter (as described in Appendix A3.4) used are:
= 1.422 X  (kQ)
= 5.399 X (kfi)
R3 = 0
105 .
= 0.33 X C^(nF)
gain =




18 O m8. 7m8.7m
8.2m
rt n n ? f n inni TfTf
Figure 4.1 Line configuration.
500 kV twin conductor





(a) with a capacitor (70% compen­
sation at each end) in 
the circuit
(b) without capacitor in the 
circuit
(a'),(b') normal mho characteristic, 
compensation conditions similar to
(a), (b)
Scale: lOfi 2 cm
\
,62“»'
Figure 4.3 Mho charac­
teristic
(a) with capacitor (50% compensation, at mid-point) in the 
circuit
(b) without capacitor in the circuit
(a'),(b') normal mho characteristic, compensation condition 






Figure 4.4 Mho characteristic
(a) with capacitor (30% compensation, at mid-point) in 
the circuit
(b) without capacitor in the circuit
(a'),(b') normal mho characteristic, compensation condition 
similar to (a), (b)
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1 cmScale : 100
83 .6
73.6
Figure 4.5 Mho characteristic
(a) Permissive overreach scheme
(b) Blocking scheme
(a'),(b') Normal mho characteristic, scheme 
similar to (a), (b)
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CHAPTER 5 DIGITAL EVALUATION OF THE GENERAL PRIMARY
SYSTEM WAVEFORMS
5.1 Introduction
( 37 )Johns and Aggarwal , in their studies associated 
with faults on uncompensated e.h.v. lines have shown that 
the frequency variance of line parameters, source para­
meters, fault position, etc considerably
affect travelling wave distortion of both voltages and 
currents. Since such factors can also affect the fault 
induced overvoltage phenomena, the fault transients 
associated with the single pole autoreclosure sequences 
and the performance of system protective relays, it was 
felt necessary to consider some of the above-mentioned 
factors in the present study.
Two basic systems, the analysis of which has been 
developed in Chapter 2, are used to obtain the primary 
system responses. Initially, the relaying point respon­
ses (which are voltage and current waveforms mainly at 
the sending end) for a single-phase-to-earth fault on a 
single section feeder (simple source model as shown in 
Figure 2.7) are computed and presented in Section 5.2, 
followed by the presentation of results relating to 
faults on a multi-section compensated feeder (complex 
source model as shown in Figure 2.8) in Section 5.3.
In the two systems simulated, identical line models are
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considered in order to make a direct comparison of the 
results possible. The majority of the results presented 
are for the case where a capacitor is located at each 
end of the protected feeder, and some responses for a 
single capacitor for location at the mid-point are also 
given. All the cases considered have shunt compensation. 
The parameters used are as described in Chapter 4, and 
the types of fault simulated have already been shown in 
Chapter 3.
5.2 Responses of the Single Section Feeder
5.2.1 Effect of Fault Inception
Figure 5.1 shows the sending end relaying point 
waveforms (voltages and currents) for a solid 'a' phase- 
to-earth mid-point fault on a feeder without series 
compensation and illustrates the frequency dependent 
reflection at the source. The high frequency leading edge 
of the initial surge reaching the source is presented, 
with a high impedance compared with that apparent the 
prefault region and as can be seen in Figure 5 . 1 (a), a 
voltage spike therefore occurs on the relaying point 
voltage waveforms with a consequent increase in the rise 
time of the reflected current surge (Figure 5.1(b)). On 
subsequent reflections at the sources, further distortion 
of the surge waveform occurs as the various frequencies 
presented are reflected with differing phase and ampli­
tude .
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Figure 5.2 shows the waveforms for a series compen­
sated system (with a capacitor at each end of the line) 
for an identical fault condition. In this respect it 
should be noted that the inclusion of a series capacitor 
(or capacitors) in a power transmission line introduces 
a point of electrical discontinuity and an incident 
surge is partially reflected, the remainder being trans­
mitted through the capacitor and propagated along the 
line section and beyond. As the reflection coefficient 
is frequency dependent, it is clear that the high 
frequency components will pass through the capacitors 
virtually unchanged, whereas low frequency components, 
which in general are predominantly at power frequency, 
will be significantly reflected. This is apparent from 
Figures 5.1 and 5.2, which show that both the voltage and 
current waveforms are identical in the two cases, except 
for the actual magnitudes of the faulted phase voltages 
and currents, which are shown in Table 5.1.
Uncompensated Compensated
Computed Analytical Computed Analytical
Voltage (kV) 320 294 275 230
Current (kA) 3.7 4.56 6.1 6.18
Table 5.1 Computational and analytical magnitudes 
of currents and voltages
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The Table also shows the analytical results 
obtained using an approximate model (see Appendix (A2)).
As can be seen, the two sets of results are close to 
each other, showing the correctness of the computational 
process.
5.2.2 Effect of Source Capacities
The source capacities significantly affect the fault 
transient waveforms. Figures 5.3 and 5.4 show a compari­
son between the responses for a mid-point fault for both 
small and large source capacities at the sending end.
The low source capacity introduces high frequency spikes 
into the voltage waveforms (faulted as well as the healthy 
phases). This is due to the relatively large impedance 
associated with low source capacity adjacent to the 
observation point and which constitutes a major point of 
electrical discontinuity, from which high frequency 
components are easily reflected. Also, the post-fault 
healthy phase currents have the same polarity as the 
faulty phase (Figure 5.3(b)). The reason for this later 
feature is that the faulty phase current fed from the 
remote (receiving end) source is considerably larger 
than that fed from the sending source (this being due to 
much larger receiving end source capacity), thus inducing 
a significant voltage in the healthy phases, which in 
turn forces a current to flow between ends. However, in 
the case of a large sending end source capacity, the
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voltage waveforms in particular are much smoother 
(Figure 5.4(a)). This is due to the fact that the 
source impedance associated with this condition is low, 
resulting in the busbar voltage being held nearly 
constant and not easily distorted.
5.2.3 Effect of Prefault Loading
In the case of short uncompensated feeders, the 
waveforms are not significantly affected by prefault 
loading, as the prefault voltage at any point is almost 
independent of the circuit loading and so also are
( 37 )the high frequency components in the currents
This is so even in the case of compensated systems,
especially'where combined shunt and series compensation
is used. This is evident by comparing Figures 5.2 
and 5.5. Figure 5.5 shows the waveforms for a 
system for conditions similar to those in Figure 5.2, 
except that a prefault load angle of 6 = 30° is
assumed for the former. As can be seen, the voltage
waveforms are not very different. However, the
current waveforms are significantly different from the
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loaded case, especially the sound phase currents whose 
magnitude becomes quite comparable with the faulted 
phase current (Figure 5.5(b)). This is primarily due 
to an increase in the electromagnetic coupling between 
the faulted and healthy phases.
5.2.4 Effect of Fault Position
The transit time of travelling waves between the 
fault and source discontinuities varies in particular 
with fault position, and it follows that the apparent 
frequency of the superimposed travelling wave components 
decreases as the fault position becomes more distant 
from the observation point. Figures 5.6 and 5.7 show 
the sending end relaying point waveforms for a solid 
'a'-phase-to-earth fault (on a compensated system) for 
different fault positions. For a close up fault 
(Figure 5.6(a)), as expected the faulted 'a' phase 
voltage collapses to zero with a small time delay 
(which is inherent to the modified Fourier transform 
technique) after fault inception. From the corresponding 
currents in Figure 5.6(b) it can be seen that the faulted 
phase current reaches a peak value of about 17 kA. In 
fact, the correctness of this figure can be verified 
from a knowledge of the system peak voltage {= 408kV) 
and the sending end source impedance (s 25^). As
can be seen, the sound phase currents are slightly 
distorted. As the fault position moves further away
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from the sending end, the travelling wave phenomena 
becomes more prominent and this effect can be seen by 
comparing Figures 5.6 and 5.7 (the latter being for 
a fault at the receiving end). In this respect, it 
must be mentioned that the faulted phase waveforms 
are dominated by the earth mode and the sound phases 
by the aerial modes. From Figure 5.7(a) and looking at 
the faulted phase voltage, it is evident that initially 
the transit time is about 2.5 ms, which is the time 
taken for an earth mode to travel from the sending end 
to the fault point and back. This figure corresponds 
to an effective propagation velocity of approximately 
240 km/ms.
5.2.5 Effect of Type of Fault
Faults not involving earth give rise to waveforms 
which generally are very distorted. Figure 5.8 shows 
the waveforms for an 'a'-'b' phase fault, and comparing 
this with an 'a' phase-to-earth fault for corresponding 
source conditions as shown in Figure 5.2, it is apparent 
that the travelling waves persist for considerably 
longer in the former, especially in the faulted phases. 
This is due to the fact that the lower attenuation of 
the aerial modes associated with phase faults take 
relatively longer time to disappear.
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5.2.6 Effect of Fault Instant
The two possible worst cases, from the travelling 
wave point of view, are the faults at an instant of time 
corresponding to voltage maximum and voltage minimum 
(ie zero voltage) in the faulted phase or phases. In 
the former the travelling wave distortion is effectively 
increased, producing high frequency spikes as shown in 
Figure 5.2, whilst in the latter, travelling wave 
distortion is significantly reduced because there is 
not a large and sudden voltage change at the point of 
fault. Figure 5.9 shows the waveforms for 'a'-phase-to- 
earth mid-point fault at voltage minimum. It can be 
clearly seen that the distortion is extremely small, and 
the well-known offset nature of the current waveform is 
observed.
5.2.7 Effect of Degree of Series Compensation and 
Location of Capacitor
As one of the prime objectives of the thesis is to 
examine the effect of series compensation on primary 
system waveforms, studies for conditions similar to 
those in Figure 5.2 are carried out. Initially the 
amount of series compensation is reduced to 50%, and 
secondly the capacitors at each end are replaced by 
a single capacitor in the middle (associate 50% series 
compensation). Figures 5.10 and 5.11 show such 
responses and it can be seen that the waveforms are
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not very different to Figure 5.2. However, the magni­
tudes of the faulted phase current waveforms are 
different.
5.2.8 Primary System Waveforms at other Relaying Points 
In order to examine the effect of the aforementioned 
factors at the other relaying point (ie receiving end), 
similar studies have been carried out, and some of the 
results are presented here. It has been found out that 
the effect of various factors as mentioned in Section
5.2.1 to 5.2.7 is also applicable in this case. For 
example. Figures 5.12 and 5.13 are the receiving end 
responses for a fault at the sending end busbar, the 
former being for a capacitor located at each end and 
the latter being for a single capacitor at the mid­
point. Comparing Figure 5.12 with the corresponding 
cases for the sending end (Figure 5.7) it can be seen 
that the waveforms are more or less identical.
5.3 Response Evaluation of a Mulbi-section Feeder System 
In this Section, similar studies to that presented 
in Section 5.2 have been carried out, mainly to determine 
the differences between the responses of a single and 
multi-section feeder respectively, the faulted line model 
being the same in both cases.
116.
5.3.1 Effect of Fault Inception
Figures 5.14 and 5.15 show the results at the 
sending end relaying point for a solid 'a' phase-to- 
earth fault at the mid-point (without and with series 
compensation respectively). Like in the single section 
feeder, both the voltage and current waveforms are 
identical in the two cases (Figures 5.14 and 5.15), 
except for the actual magnitudes of the faulted phase 
voltages and currents.
Also, comparing this with the results of an iden­
tical fault condition for a single section feeder 
(Figures 5.1 and 5.2), it can be clearly seen that both 
voltage and current waveforms are significantly differ­
ent in the two cases, especially the current waveforms 
which are apparently more distorted in the case of the 
multi-section feeder arrangement. This is so because 
in the case of the multi-section feeder arrangement 
(Figure 2.8) the travelling waves of currents set up 
on fault inception travel through S towards and 
are partially reflected by the latter back to S to 
produce these very significant current distortions. 
Furthermore, in the case of the single section feeder, 
the frequency of the travelling wave components is 
largely dependent on the wave transit time between the 
source discontinuity and fault point. They consequently 
have a relatively higher frequency distortion compared
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with those produced in the multi-section feeder, 
where the wave transit time between the points of major 
discontinuity and fault point is much longer, resulting 
in travelling wave components being lower in frequency 
and also persisting for a much longer period.
5.3.2 Effect of Main Source Capacities
The studies of Section 5.2.2 have indicated that 
for a smaller source capacity the waveforms produced 
are considerably more distorted with high frequency 
components, whereas when the source capacities are large 
the magnitudes of the superimposed travelling wave com­
ponents are relatively low and they are damped more 
quickly. Similar sorts of effects, but to a much lesser 
extent, are found to be true when considering the multi­
section feeder, as shown by Figures 5.16 and 5.17.
5.3.3 Effect of Prefault Loading
Figure 5.18 shows the response at the sending end 
relaying point, when a mid-point 'a' phase-to-earth 
fault under identical conditions as those of Figure 5.15 
is considered, except that in this case the line has a 
prefault loading of 30°. As expected, the line loading 
has a significant effect on the waveforms, especially 
the magnitude of the currents, which go up quite sharply 
The substantial increase in the magnitude of the 
healthy phase currents again is attributed to the
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increased electromagnetic coupling between the phases. 
Comparing Figure 5.18 with Figure 5.5, the latter being 
for an identical fault condition for a single section 
feeder, the differences are clearly observed.
5.3.4 Effect of Fault Position
As already mentioned in Section 5.2.4, when the 
fault position becomes more distant from the observation 
point, the frequency of the superimposed travelling com­
ponents decreases and the transit time between the source 
discontinuities and fault point in particular varies 
with fault position. This phenomena can also be observed 
from Figures 5.19 and 5.20 for a solid 'a' phase-to-earth 
fault. Again, as expected in the case of a close up 
fault. Figure 5.19(a), the faulted phase voltage collapses 
to zero. Comparing these two figures with its single 
section feeder counterpart (Figures 5.6 and 5.7), there 
are marked differences between the two system responses. 
Both voltage and current waveforms are seen to differ 
significantly in the two cases, again primarily because 
of the different transit times involved in the two cases. 
From Figure 5.20(a), the total transit time between the 
observation point and main generating source at the 
sending end S - Gg - S is 2 ms, which corresponds to an 
effective propagation velocity of approximately 300km/ms. 
Also, the transit time between ends S and R (ie fault 
point) is about 2 ms.
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5.3.3 Effect of Type of Fault
Figure 5.21 shows the response at the relaying 
point for a solid 'a'-'b' fault. The fault conditions 
are similar to those of Figure 5.15. Comparing with 
its single section counterpart, following identical 
fault conditions of Figure 5.8, the differences can 
be observed. In the case of the single section feeder, 
travelling wave produces more higher frequency (parti­
cularly in the voltage waveforms) initially than the 
multi-section feeder. This, again, is due to the fact 
that the transit time between the points of major 
discontinuity is longer in the multi-section feeder, 
as such the travelling wave components are not all 
that predominant during that period.
5.3.6 Effect of Fault Instant
The effect of fault instant is shown by comparing 
Figures 5.22 and 5.15 for a mid-point, solid 'a' phase- 
to-earth fault. As expected, for a fault at voltage 
zero the travelling wave distortion is minimal, both in 
the case of voltage and current waveforms as compared 
with a fault at voltage maximum. The result of this 
is that the waveforms are not very different for an 
identical fault condition on a single section feeder, 
as shown in Figure 5.9.
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5.3.7 Effect of Degree of Compensation and Location 
of Capacitor
In order to see the effect of the degree of 
compensation and location of series capacitor, studies 
for conditions similar to those in Figure 5.15 are 
carried out, except that for the former the amount of 
compensation is changed to 50%, and for the latter the 
capacitors at each end are replaced by a single 
capacitor in the middle, with 50% series compensation. 
It can be observed from Figures 5.23 and 5,24 that the 
waveforms are not very different from Figure 5.15, 
except for a small variation in the magnitude of the 
faulted phase current and voltage. Also, comparing 
these with identical fault conditions on a single 
section feeder, as shown in Figures 5.10 and 5.11, the 
waveforms are completely different.
5.3.8 Primary Responses at other Relaying Points
To examine the effect of the above-mentioned
factors on the receiving end voltage and current 
waveforms, a similar series of studies has been carried 
out and some of the responses are presented. Figures 
5.25 and 5.26 are the receiving end responses for a 
fault at the sending end busbar, the former being for 
a capacitor located at each end and the latter for a 
single capacitor at the mid-point. Comparing these 
with the corresponding cases for the single section
121 .
feeder (Figures 5.12 and 5.13), the differences between 
the waveforms can be observed.
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CHAPTER 6 DIGITAL EVALUATION OF THE OVERVOLTAGE 
PHENOMENA IN SERIES COMPENSATED LINES 
WITH CAPACITOR PROTECTIVE GAP IN OPERATION
6.1 Introduction
Earlier computer studies associated with fault 
induced overvoltages phenomena have been largely con­
cerned with either short lines or long lines having 
shunt compensation o n l y , and not much work has 
been reported on examining the overvoltages on series 
compensated lines, especially the overvoltage phenomena 
across the capacitor banks, under various fault
(78 79)conditions ' . Also, in the case of lines employing
shunt compensation only, it has been found that the 
overvoltages developed under fault conditions can be 
quite high, and in certain cases can approach the per­
missible insulation levels for which the system is 
designed .
Section 6.2 of this Chapter is concerned with 
examining in some detail the overvoltage phenomena across 
the capacitors during various fault conditions, followed 
by a brief look at the possible overvoltage due to 
fault inception at the relaying point (mainly at the 
sending end).
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6.2 Transient Capacitor Overvoltages due to Fault
Inception
As mentioned in Chapter 3, capacitor banks in a 
series compensated line have to be protected against 
excessive voltages, especially during fault conditions. 
All the studies have indicated that depending on the 
system configuration and fault conditions, there can be 
a wide variation in the actual magnitudes of these over­
voltages, which means that if the capacitor protective 
spark gaps are set to flashover for a certain preset 
threshold voltage level, then it is possible that in 
certain cases the fault induced overvoltages across the 
capacitor banks would reach this threshold level, 
resulting in the shorting out of the capacitors, and in 
other cases this may not be so. Furthermore, studies 
have indicated that when the capacitors do flashover, 
the actual times at which they do so are very random. 
The results presented here give some insight into these 
two aforementioned very non-linear effects, which can 
be very onerous from a protection point of view, as 
shown in some detail in Chapter 8.
In most practical systems, a threshold value of 
the voltage which would result in the shorting out of 
the capacitor bank is about 2.75 p.u. (the base value 
for this being different for different systems as shown 
in Chapter 4), and this is the value assumed in the
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results presented here. In order to produce the highest 
overvoltages across the capacitors, fault is applied at 
voltage maximum. Again, as the majority of the faults 
occurring in nature are single-phase-to-earth faults, 
hence this fault condition is particularly considered.
Studies have indicated that with a single section 
feeder and simple sources on either side, irrespective 
of fault and capacitor location, the protective gap for 
all tested fault positions flashes over. An example to 
illustrate such a case is shown in Figures 6.1 (a,b),
which show the voltages across capacitors (located one 
at each side) for a fault at 165km. Also shown is another 
set of responses for voltage across capacitor and 
current through the bypass switch for a 30% mid-point 
located capacitor and fault at 110km (Figures 6.1 (c,d)).
These Figures clearly show that the capacitor/capacitors 
on the faulted phase flash over for such system configu­
ration, but the times at which they do so is different 
for different fault positions.
In the case of the multi-section feeder, with 
complex source model, the protective gap operations
behave randomly depending on the fault position, 
location of capacitor, amount of compensation, gap 
setting, complexity of the source side network, etc.
Some of the results covering faults on the multi-section
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feeder are summarised in Table 6.1. Also shown in it 
is the time when the threshold level of 2.75 p.u. is 
reached. The profile of maximum overvoltage across 
series capacitor, prior to spark gap operation, for 
both capacitor location and its associate level of 
compensation, is shown in Figure 6.2.
For all such fault conditions, when the capacitor 
flashes over it does so only on the faulted phase and 
within a time interval of one cycle after fault inception. 
However, the times of flash over are different. Also, 
it can be observed from Figure 6.2 that the flashover is 
very random, as there are many instances when the capa­
citor/capacitors do not reach the preset threshold level.
As it is not possible to present all the studies 
used in Figure 6.2, however, few responses of the 
voltage across the capacitor and the current through 
the bypass switch are shown in Figure 6.3. Figures
6.3 (a,b and c,d) are voltage across capacitor responses 
for fault at 40 and 240 km respectively, withacapacitor 
located at each end. From these Figures it can be 
seen that only the sending end capacitor flashes over 
for the former fault location and the receiving end 
capacitor flashes over for the latter position. Figures
6.3 (e,f) are the responses of the voltage across the 




Voltage across Cap./Time for Cap. 
(after fault inception)
to F/0
A Cap. at each end A Cap. in middle
S.E. R.E. 30% comp 50% comp
( 1pu=52.7kV,70%comp) (1pu=45.5kV) ( 1pu=75.3kV)
0.0 2.51 2.51 1 .98 2.34
40.0 2.75/1&50 2.17 2.06 2.58
60.0 - - 2.23 2.70
75.0 2.45 2.45 2.39 2.75/18.00
80.0 - - - 2.75/18.00
85.0 2.29 2.57 - 2.75/17.75
90.0 2.23 2.63 2.51 2.75/17.50
95.0 2.20 2.64 - -
100.0+ 2.11 2.72 2.56 2.75/17.25
105.0 2.05 2.75/19.25 - -
110.0 2.02 2.75/18.75 2.72 -
115.0 1.98 2.75/18.25 - 2.75/16.50
120.0 1 .95 2.75/18.00 - 2.75/16.25
125.0 - - 2.75/18.50 -
135.0 - - 2.75/18.00 -
150.0" - - 2.75/17.50 2.75/16.00
150.0+ 1 .77 2.75/17.00 1 .65 2.06
155.0 - - 1.73 -
165.0 1 .67 2.75/16.50 1 .65 -
185.0 1 .55 2.75/16.00 1 .57 1 .87
205.0 1.51 2.75/15.50 1.48 -
225.0 1 .49 2.75/7.0 1 .32 1 .74
240.0 1.43 2.75/6.25 1 .32 1 .69
275.0 - - 1 .40 -
290.0 - - 1 .32 -
300.0 1 .86 1.86 1.32 1 .67
Table 6.1 Voltage across capacitor for different
levels of compensation (multiple section 
feeder)
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and the current flowing through the bypass switch, 
for a fault at 75 km. The voltage across capacitor 
responses for 30% compensation mid-point located 
capacitor with identical fault position of Figure 6.3(e) 
are shown in Figure 6.3(g), from which it can be seen 
that the capacitors do not flashover.
For all cases considered the voltage detected 
across the healthy phase capacitors were up to 0.5p.u. 
These voltages could be of significance since a single- 
phase-to-earth fault could develop, depending on the 
insulation level, to a phase-to-phase-to-earth fault 
This is a very severe fault, not only for system stabi­
lity, but also because of higher overvoltages produced 
in the system. Also, when single pole autoreclosure 
technique is used, clearing any other type of faults 
besides the single-phase-to-earth faults is undesirable.
6.3 Relaying Point Overvoltages
As shown in Chapter 5, low source capacity intro­
duces considerable voltage waveform distortion in the 
faulted and healthy phases, which is due to the rela­
tively large impedance associated with such source 
capacity adjacent to the point of observation and being 
a major point of electrical discontinuity high frequency 
components are reflected. So, in order to get considerable
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waveform distortion, small sending end source capacity 
of 5 GVA has been particularly considered in this 
Section. As mentioned previously, in the case of capa­
citor spark gap operation, a threshold value of 2.75 p.u. 
is assumed.
6.3.1 Single Section Feeder
6.3.1.1 A Capacitor at each end
The mid-point *a' phase-to-earth fault at voltage 
maximum with line loading corresponding to about 12® 
for a line without series compensation induces an over­
voltage of 1.21, 1.11 and 1.21 p.u. (where 1 p.u. = 408kV) 
on 'a', 'b' and 'c' phase respectively (Figure 6.4(a)). 
Whereas, for identical fault and source conditions for 
a line with total series compensation of 70% produces an 
overvoltage of 1.26, 1.16 and 1.16 p.u. on the 'a', 'b' 
and 'c ' phase respectively. The sending end and receiv­
ing end capacitor on the faulted phase conductor get 
shorted out at approximately 4 and 15 ms after fault 
inception (time T^ and T^ respectively) as shown in 
Figure 6.4(b). At this point it must be mentioned that 
the overvoltage generally occurs after a very short 
period of time following fault inception, and prior to 
capacitor shorting out (in case of flashover).
Faults not involving earth, say 'a'-'b' phase 
faults with identical source and fault conditions as
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Figure 6.4(b), but without any line loading, induce 
an overvoltage of 1.225 and 1.07 p.u. on the faulted 
'a' and healthy 'c ' phase respectively. The receiving 
end capacitors on the faulted phase conductor flashover 
at time which is approximately 5 ms after fault
inception, whereas the 'a' and 'b' phase sending end 
capacitor get shorted out at about 7 and 16 ms after 
fault inception (time T^ and T^ respectively) as shown 
in Figure 6.5.
Faults at voltage minimum involving 'a' phase-to- 
earth fault under identical fault and source conditions, 
as Figure 6.5, is illustrated by Figure 6.6. The 
receiving end and sending end faulted phase capacitor 
get shorted out at 7 and 8 ms after fault inception 
(time T^ and T^ respectively). No significant over­
voltage is observed under such conditions.
6.3.1.2 A Capacitor at mid-point
The mid-point, beyond capacitor location 'a' phase- 
to-earth fault at voltage maximum with line loading 
corresponding to about 12° for a line with 50% series 
compensation (single capacitor at the middle) induces 
an overvoltage of 1.27, 1.1 and 1.2 p.u. on the 'a',
'b ' and 'o' phase respectively (Figure 6.7). The 
faulted phase capacitor flashes over at time T ^ , which 
corresponds to 14 ms after fault inception. Comparing
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with Figure 6.4(a), which is for an identical source 
and fault conditionsbut without series compensation, 
it is observed that the faulted phase overvoltage is 
more in the compensated case.
The worst tested case from an overvoltage point 
of view for such feeder configuration is the phase-to- 
phase fault. Figure 6.8 shows such a case with identi­
cal source and fault conditions as Figure 6.5; the 
faulted phase capacitors get shorted out at approximately 
14 ms after fault inception (time Tg). The overvoltage 
on the faulted 'a' and healthy 'c' phase is 1.41 and 
1.11 p.u. respectively.
Faults at voltage minimum do not produce any signi­
ficant overvoltage as shown in Figure 6.9, where the 
fault and source conditions are identical to Figure 6.6. 
The faulted phase capacitor flashover at time T ^ , 
corresponds to about 8 ms after fault inception.
6.3.2 Multi-Section Feeder
6.3.2.1 A Capacitor at each end
The mid-point 'a' phase-to-earth fault at voltage 
maximum with a line loading corresponding to about 12° 
without any series compensation on a multi-section 
feeder does not produce any significant overvoltage 
(Figure 6.10(a)). Compared with Figure 6.4(a), it can
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be seen that the overvoltage on a single section feeder 
is relatively more. Whereas, for a 70% capacitor 
compensated case under identical fault and source 
conditions of Fig 6.10(a), induces a slight overvoltage 
on the healthy phases (Figure 6.10(b)). For such a case 
only the receiving end faulted phase capacitor flashover 
at time , which corresponds to approximately 18 ms 
after fault inception.
Phase-to-phase faults involving 'a' and 'b' phase 
induce an overvoltage of 1.25 p.u. on the faulted 'a' 
phase, and 1.10 on the healthy 'c ' phase, as shown in 
Figure 6.11. The receiving end faulted phase capacitors 
get shorted out at about 16 ms after fault inception 
(time T ^ ).
Figure 6.12 shows the sending end voltage response 
for a fault at voltage minimum. No significant over­
voltage is observed. The receiving end and sending end 
faulted phase capacitor gets shorted out at time 8 ms 
and 10 ms after fault inception (time T^ and T^ respec­
tively) .
6.3.2.2 A Capacitor at mid-point
When the capacitor is located at the middle (50% 
series compensation), for a mid-point beyond capacitor 
location 'a' phase-to-earth fault at voltage maximum
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with line loading corresponding to about 12°, an over­
voltage of about 1.17 and 1.11 p.u. is induced on the 
healthy 'b ' and 'c ' phase respectively (Figure 6.13).
For such fault conditions none of the capacitors 
flashover.
The worst possible tested case for such feeder 
arrangement is the 'a'-'b' phase fault, which induces 
an overvoltage of 1.29 and 1.05 p.u. on the faulted 'a' 
and healthy 'c ' respectively, as shown in Figure 6.14. 
Again, for this case, none of the capacitors flashover.
Faults at voltage minimum induce an over­
voltage of 1.16 p.u. on the healthy 'c ' phase, as shown 
in Figure 6.15. The capacitor on the faulted phase 
flashover at time T^ which corresponds to about 10.5 ms 
after fault inception.
All the above studies have been carried out up to 
a maximum frequency of 2kHz. However, in order to get a 
true picture of the overvoltage phenomena, it is desirable 
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CHAPTER 7 EVALUATION OF THE PRIMARY SYSTEM WAVEFORMS 
ASSOCIATED WITH SINGLE POLE AUTORECLOSURE 
SEQUENCES
7.1 Introduction
The most common faults encountered on e.h.v. a.c. 
transmission lines are of the single-phase-to-earth 
type and the majority of these are transitory in nature 
Single pole autoreclosure sequences which involve opening 
and reclosing only the faulted phase can be used to clear 
such faults, especially on long line applications. The 
majority of work reported so far has been primarily 
concerned with the application of such techniques to 
long lines having shunt compensation only^^^'^^*, and 
not much has been reported on single pole autoreclosure 
techniques as applied to series compensated (or combined 
series/shunt compensated) lines. In this respect,it 
must be mentioned that in the latter case, apart from 
the primary system waveforms being affected by the various 
discontinuities introduced by the operation of the 
capacitor protection equipment to short out the capacitor/ 
capacitors (in the majority of cases this sequence 
occurs before the line protection relay operating times), 
there are also the additional discontinuities introduced 
by the various autoreclosure sequences (which can further 
affect the waveforms)during a complete cycle of events, 
and the implications of incorrect operation of line
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protection at any time throughout the process of fault 
clearance can often be quite serious. It was in the 
light of this that it was decided to develop frequency 
domain methods for simulating the complete fault clear­
ance sequences for a series compensated line, and a 
few of these results are presented in this Chapter.
In most practical systems, the total time taken 
for the line breaker poles to open on the faulted phase 
is about 4 to 5 cycles after fault inception, and a 
dead time of about 20 to 25 cycles is generally required 
before a successful reclosure of these breakers can 
take place; primarily to allow sufficient time for the 
current in the fault path to deionise. The studies 
have indicated that in the majority of cases the 
capacitor spark gaps operate within a cycle of fault 
inception and during the dead time interval, the air 
across the protective spark gap also deionises and 
regains its flashover voltage withstand strength. The 
capacitor bypass breaker is automatically reopened 
within the dead time interval, which means that the 
capacitor is in full service well before the line 
breaker autoreclosure s e q u e n c e . In the case of an 
unsuccessful autoreclosure, as for example for a 
sustained fault, the aforementioned sequences are 
repeated and the line breakers permanently lock out.
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The digital techniques developed here for 
simulating the single pole autoreclosure techniques 
as applied to a series compensated line with shunt 
reactors are quite flexible, in that they can be used 
to provide realistic fault waveforms for a variety of 
conditions, eg different autoreclosure dead time, etc.
In this respect, the number of possible times between 
the initial fault inception and all the steps throughout 
the whole fault clearance process is extremely large, 
but in order to simply illustrate some typical applica­
tions studies, the results presented here are confined 
to :
(i) Overall relay operating time of 1 cycle 
for both ends.
(ii) An arbitrary fault break-off time of about 
1 cycle (which does not necessarily ensure 
secondary arc extinction) after breaker 
contact separation.
(iii) Simulating reclosure of sending end and 
receiving end breakers after fault of 
about 4 cycles.
(iv) Minimum value of voltage across capacitor 
for spark gap operation of 2.75 p.u.
The mathematical analysis and the simulation tech­
nique developed for applying single pole autoreclosure
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techniques to series compensated lines have already 
been discussed in Chapter 3. In this Chapter, the 
primary system waveforms for systems employing such 
techniques are presented for both a single and multi­
section feeder, as shown in Figures 2.7 and 2.8.
Both systems employ four reactor shunt compensation 
schemes where h^ = 0.75 and h^ = 0.674.
7.2 Single Section Feeder 
7.2.1A Capacitor at Each End
Figure 7.1 shows a fault transient sequence 
following a mid-point 'a' phase-to-earth fault at 
voltage maximum for a line with a total series compen­
sation of 70%. It can be seen from the faulted phase 
voltages of Figures 7.1 (a,c) that during the initial
post-fault period the transit time is approximately 1ms, 
corresponding to an aerial mode velocity of 292 km/ms. 
Both the capacitors on the faulted phase conductor get 
shorted out almost simultaneously at approximately 8 ms 
(time ) after fault inception. This is evident from 
Figures 7.1 (e,f) which show the voltage across the two 
faulted phase capacitors. The shorting out of the 
capacitors produces a slight distortion in the faulted 
phase relaying point voltage waveforms (Figures 7 . 1 (a,c)) 
As expected, relaying point currents in the faulted 
phase increase sharply in magnitude on fault inception
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and rings down slightly following the shorting out 
of the capacitors before being interrupted at , 
which is approximately 10 ms (for both the ends) after 
the breaker contact separation time (Figures 7.1 (b,d)).
The sound phase currents remain small in magnitude on 
opening of the line breaker poles, high frequency 
transients are set up particularly on the faulted phase 
voltages, and these gradually ring down until fault 
break-off at T^ (Figures 7.1 (a,c)). The fault break-
off time T^ is about 2^ cycles after fault inception. 
Thereafter, a near power frequency voltage of peak value 
of about 66 kV is induced in the faulted phase due to 
the capacitive and inductive coupling with the healthy 
phases.
The reinsertion of the capacitors at time T^, 
which is about 3i cycles after fault inception, does 
not produce any significant changes in the relaying 
point voltages and currents, both for the sending end 
and the receiving end (Figures 7.1 (a-d)). However, a
small amount of voltage develops across the capacitor 
on the now isolated conductor, as shown by Figures
7.1 (e,f), due to the coupling effects between the
isolated and the energised conductors.
The line breakers are reclosed similarly at time 
T g , which is about 4 cycles after fault inception.
138.
This sequence produces small overvoltages which are 
quickly damped as shown in Figures 7.1 (a,c). As
regards the currents, this sequence results into a 
significant amount of high frequency reclosing trans­
ients (Figures 7.1 (b,d)), and so far as the capacitor
voltages are concerned almost normal steady state 
voltage across all the six capacitors is observed 
(Figures 7.1 (e,f)) .
7.2.2 A Capacitor at Mid-point
Figure 7.2 shows a typical fault transient sequence 
simulation involving 'a' phase-to-earth fault at the 
receiving end near peak fault voltage, with a series 
compensation of 50%. In this case, the effect of the 
electromagnetic coupling between the faulted and healthy 
phases is evident during the initial post-fault period 
as the faulted phase relaying point current induces a 
voltage in the healthy phases and this causes a 
significantly large current to flow in antiphase with 
the faulted phase current particularly at the sending 
end relaying point current, as shown in Figure 7.2(b). 
At the receiving end, because the fault is close to the 
point of obvservation, the coupling is relatively small 
and hence the magnitude of the sound phase current is 
small as shown by Figure 7.2(d). As expected, the 
receiving end relaying point current reaches a peak 
value of about 17 kA (Figure 7.2(c)), and this can be
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verified to be about correct from a knowledge of the 
system peak voltage (= 408 kV) and the receiving end 
source impedance of about 25 ohms.
The faulted phase capacitor flashes over at a time 
T ^ , which is about 16 ms after fault inception as shown 
by Figure 7.2(e). This sequence introduces a small 
amount of distortion in the faulted phase sending end 
relaying point voltage. The voltage across the healthy 
phase capacitors is relatively large and in phase with 
one another. As the faulted phase receiving end relay­
ing point voltage has collapsed to zero on fault 
inception, the shorting out of the capacitor has no 
effect on it. The faulted phase currents at the two 
ends, especially at the sending end, ring down following 
capacitor flashover and, similar to the study in 
Section 7.2.1, are interrupted at approximately 10 ms 
after breaker contact separation time (Figures 7.2 (a,c)) 
and the faulted phase voltage at the sending end rings 
down until fault break-off. On current interruption the 
voltage across the healthy phase capacitor rings down.
The fault break-off and capacitor reinsertion are 
at about 52 ms and 75 ms respectively after fault 
inception. The fault break-off has little effect on 
the relaying point currents, whereas a near power 
frequency voltage of peak value of about 55 kV is induced
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in the isolated conductor at both the ends (Figures
7.2 (a-d)). However, capacitor reinsertion has very 
little effect on the relaying point voltage and 
current waveforms.
The reclosing transient produced both on voltages 
and currents is similar to those in Figure 7.1.
7.3 Multi-Section Feeder (Complex Source)
7.3.1 A Capacitor at Each End
Figure 7.3 shows results for a typical fault 
transient sequence following a mid-point 'a' phase-to- 
earth fault at voltage maximum. As compared with 
Figure 7.1 (and also shown in Chapter 5), the post­
fault waveforms associated with the multi-section feeder 
are more distorted and the lower frequency transients 
persist for a longer period than those in the single 
section feeder. As mentioned previously, this is 
because the travelling waves generated on fault inception 
have to travel rather a long distance through different 
infeeding line sections before being partially reflected 
towards the observation points from the electrical 
discontinuities associated with the various infeeds.
With reference to the voltage waveforms at the 
sending end relaying point S (Figure 7.3(a)), it can be
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seen that during the initial post-fault period 
there are effectively two transit times involved, one 
associated with the distance S-F-S, and the other with 
distance S-G_-S, these being approximately 1 ms ando
2 ms respectively. The voltagesacross all six capaci­
tors are scanned and the one to reach a pre-determined 
threshold value of about 2.75 p.u. is shorted out first. 
In this particular case, the faulted phase receiving 
end capacitor is the first to be shorted out at time Tg 
which is 17ms after fault inception, as shown by 
Figures 7.3 (e,f), whereas the faulted phase sending 
end capacitor remains in the circuit. It can be seen 
that this scheme is quite different from an identical 
study involving a simple source model (Figure 7.1), 
where both the faulted phase capacitors get shorted 
out almost simultaneously. The shorting out of the 
capacitor produces a slight distortion in the relaying 
point voltage waveform, particularly at the receiving 
end as shown by Figure 7.3(c). This is more pronounced 
than the case for a simple source model. The relaying 
point currents in the faulted phases again ring down 
slightly before being interrupted at approximately 8 ms 
after breaker contact separation time, and on current 
interruption the faulted phase voltages ring down until 
fault breaks off at time T ^ , which is about 65 ms after 
fault inception (Figures 7.3 (a-d)). In this case, 
comparing Figures 7.3 (a) and (c) it can be seen that
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the sending end faulted phase voltage rings down to 
almost a steady d.c. level, whereas the receiving end 
voltage to almost zero level. As in the simple source 
case, the fault break-off again causes a near sine 
wave voltage (at power frequency) being induced in the 
isolated conductor due to the coupling effects, and 
one interesting point to note here is that the range 
of this voltage is about 160 kV peak, compared with 
about 66 kV for an identical study in the simple source 
model.
The reinsertion of series capacitor does not 
significantly affect the waveforms, but the line breaker 
reclosures, however, do produce small overvoltages of
1.2 p.u. and 1.14 p.u. at the sending end and receiving 
end respectively.
7.3.2 A Capacitor at Mid-Point
Figure 7.4 shows the system response following 
single-phase-to-earth fault at the receiving end again 
near voltage maximum. Many of the features associated 
with the previously considered fault study (Figure 7.3) 
are again observed. The transit time between the fault 
and source discontinuities varies with fault position 
and it follows that the apparent frequency of the 
superimposed travelling wave decreases as the fault is 
further away from the point of observation as shown
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before. From Figure 7.4(a), which is the sending end 
relaying point voltage waveform, it is evident that 
during the initial post-fault period there are again 
effectively two transit times involved, one associated 
with the distance S-F-S (Figure 2.8) and the other 
with the distance S-Gg-S, these being 2 ms each. In 
this èase the capacitors do not flashover as shown by 
Figure 7.4(e), but the voltage across the healthy phase 
capacitor is large and in phase with one another, 
similar to the simple source model. The relaying point 
current is interrupted just after line breaker contact 
separation time, thereafter the faulted phase voltage 
again rings down until fault break-off at about 65 ms 
after fault inception (Figures 7.4 (a-d)).
On fault break-off, the induced voltages in the 
faulted phase due to coupling effects causes a near sine 
wave voltage and, as in Section 7.3.3, the range of the 
voltage is about 145 kV as compared to about 55 kV for 
identical simple source model study. The opening of 
the breakers reduces the voltage across the capacitors, 
whereas on line reclosures the voltage across the 
faulted phase capacitor reaches to about 2 p.u.
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Mid-point 'a'-earth fault (x = 150km); Single section 
feeder. Source conditions similar to Figure 5.2.A Capacitor 
at each end. S^^p = 0.7, h.j = 0.75, hg = 0.674;
T.J = fault inception (5ms); = 'a'-phase S.E. and R.E.
capacitors flashes over (13ms); = 'a'-phase breaker poles
separate (45ms); = fault break-off (55ms); = 'a'-phase
S.E. and R.E. capacitors reinsert (80ms); Tg = 'a'-phase 
breaker poles reclose (90ms).
(a) Voltages on line side of breaker at end S.
(b) Line currents at end S.
( c )  V o l t a g e s  o n  l i n e  s i d e  o f  b r e a k e r  a t  e n d  R .
( d )  L i n e  c u r r e n t s  a t  e n d  R .
(e) Voltages across S-end capacitors.
(f) Voltages across R-end capacitors.
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'a'-earth remote-end fault (x = 300km); Single section 
feeder; source conditions similar to Figure 5.2.A Capacitor 
at mid-point. S^^^ = 0.5, h-j = 0.75, hg = 0.674;
= fault inception (5ms); = 'a'-phase capacitor flashes
over (21ms); = 'a'-phase breaker poles separate (45ms);
= fault break-off (57ms); = 'a'-phase capacitor
reinsert (80ms); = 'a'-phase breaker poles reclose (90ms)
(a) Voltages on line side of breaker at end S.
(b) Line currents at end S.
(c) Voltages on line side of breaker at end R.
(d) Line currents at end R.
(e) Voltages across capacitors.
VCLTS
Fig. 7.3
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M i d - p o i n t  ' a ' - e a r t h  f a u l t  ( x  =  1 5 0 k m ) ;  M u l t i - s e c t i o n  
f e e d e r ;  S o u r c e  c o n d i t i o n s  s i m i l a r  t o  F i g u r e  2 . 8 ;  A  
C a p a c i t o r  a t  e a c h  e n d .  =  0 . 7 ,  h.^ =  0 . 7 5 ,  h g  =  0 . 6 7 4
T.J =  f a u l t  i n c e p t i o n  ( 5 m s ) ;  =  ' a ' - p h a s e  P - e n d  c a p a c i t o r
f l a s h e s  o v e r  ( 2 2 m s ) ;  =  ' a ' - p h a s e  b r e a k e r  p o l e s  a t  e n d s
S  a n d  R  s e p a r a t e  ( 4 3 m s ) ; =  f a u l t  b r e a k - o f f  ( 7 0 m s ) ;
T g  =  ' a ' - p h a s e  R - e n d  c a p a c i t o r  r e i n s e r t  ( 8 0 m s ) ;  =  ' a ' -
p h a s e  b r e k a e r  p o l e s  a t  e n d s  S  a n d  R  r e c l o s e  ( 9 0 m s ) .
( a )  V o l t a g e s  o n  l i n e  s i d e  o f  b r e a k e r  a t  e n d  S .
( b )  L i n e  c u r r e n t s  a t  e n d  S .
( c )  V o l t a g e s  o n  l i n e  s i d e  o f  b r e a k e r  a t  e n d  R .
( d )  L i n e  c u r r e n t s  a t  e n d  R .
( e )  V o l t a g e s  a c r o s s  e n d  S  c a p a c i t o r s .
( f )  V o l t a g e s  a c r o s s  e n d  R  c a p a c i t o r s .
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Fig. 7. 4
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' a ' - e a r t h  r e m o t e - e n d  f a u l t  ( x  =  3 0 0 k m ) .  M u l t i - s e c t i o n  
f e e d e r .  S o u r c e  c o n d i t i o n s  s i m i l a r  t o  F i g u r e  2 . 8 .  A  
C a p a c i t o r  a t  m i d - p o i n t .  S ^ ^ ^  =  0 . 5 ,  =  0 . 7 5 ,  =  0 . 6 7 4 ; .
=  f a u l t  i n c e p t i o n  ( 5 m s ) ;  =  ' a '  p h a s e  b r e a k e r  p o l e s
a t  e n d s  S  a n d  R  s e p a r a t e  ( 3 7 m s ) ; =  f a u l t  b r e a k - o f f  ( 7 0 m s ) ;
= ' a '  p h a s e  b r e a k e r  p o l e s  r e c l o s e  ( 9 0 m s ) .
( a )  V o l t a g e s  o n  l i n e  s i d e  o f  b r e a k e r  a t  e n d  S .
( b )  L i n e  c u r r e n t s  a t  e n d  S .
( c )  V o l t a g e s  o n  l i n e  s i d e  o f  b r e a k e r  a t  e n d  R .
( d )  L i n e  c u r r e n t s  a t  e n d  R .
( e )  V o l t a g e s  a c r o s s  c a p a c i t o r s .
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CHAPTER 8 DIGITAL EVALUATION OF DISTANCE RELAY
PERFORMANCE
8.1 Introduction
It is now widely accepted that an accurate and 
realistic knowledge of the fault transient phenomena, 
particularly in relation to e.h.v. transmission systems, 
is essential not only for the successful development 
of any future high speed protection equipment, but also 
for fully assessing the performance of existing modern, 
high speed relays, in particular of the 'distance' type. 
The results shown in Chapters 5-7 clearly indicate 
that the primary system waveforms have a considerable 
amount of travelling wave distortion, which can persist 
for an appreciable time after fault inception, and the 
studies relating to both uncompensated short lines
(34)and long lines with shunt compensation only have
clearly indicated that these travelling waves can 
significantly affect the distance relay performance both 
in terms of speed and accuracy.
In long line applications where series and shunt 
compensation is a technical necessity, additional relay 
problems are introduced due to the transients and 
distorted waveforms caused by the compensation. However, 
in the case of lines having shunt compensation only, it 
has been s h o w n t h a t  it is the system configuration
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rather than the compensation which is the principal 
factor which determines the performance of modern 
distance protection. As regards long lines with series 
compensation, the situation is quite different in 
that sudden circuit impedance changes take place as 
a result of the firing of the gap across the capacitor 
bank to protect it from overvoltages, and this can 
have an adverse effect on the performance of the dis­
tance relay which is essentially an impedance measuring 
d e v i c e A s  mentioned previously, the capacitor 
spark gap operation is very random in nature and depends 
on a number of factors, such as capacitor location, 
degree of compensation, gap setting, etc. This clearly 
means that if the relay is preset with the assumption 
that the capacitor (or capacitors) stays in the circuit 
after the occurrence of a fault, and subsequently there 
is a shorting out of the capacitor soon after the fault 
and before the protective relay has time to operate, 
then this could result in a substantial amount of under- 
reaching (and vice versa). Not much work has been 
reported so far on the combined effect these various 
aforementioned factors can have on the performance of 
modern distance relays and, as mentioned in Chapter 1, 
the majority of the studies have been related to steady- 
state fault calculations or without considering the 
spark gap operation.
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The prime objective of the work presented in 
this Chapter is therefore to examine in some detail 
the performance of the cross-polarised mho relays 
with different polarising quantities (as applied to 
a series compensated line with single spark gap 
scheme) both in the independent and dependent modes 
of operation using the well-known block average 
p r i n c i p l e a n d  comparing its performance with a 
relatively new distance scheme based on the sequence 
comparator p r i n c i p l e ^ , the latter being chosen for 
its much superior performance especially in terms of 
speed which has been shown to be in the range of 
0.35 - 0.5 cycles for the majority of faults on an 
uncompensated system. This can be particularly impor­
tant in the case of series compensated lines where the 
correct relay performance is very much dependent on 
the capacitor spark gap operation. Results so far 
have indicated that in the majority of cases the 
capacitors which do flashover do so within 0.5 - 1.0 
cycles after fault inception, and this means that the 
second distance scheme based on the sequence comparator 
principle could be used to advantage in series compen­
sated lines and therefore help to solve some of the 
protection problems encountered on series compensated 
lines.
This Chapter, in particular reveals the effect on
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the two types of distance protection relays as applied 
to both series compensated e.h.v. single section and 
multi-section feeders (Figures 2.7 and 2.8). The 
results presented are for two schemes, one employing 
two capacitors per phase (one at either end) and the 
other in which there is a single capacitor in the middle, 
the former having a fixed compensation of 70% and the 
latter for different degrees of compensation. All 
cases considered have shunt compensation based on a 
3-reactor scheme. The voltage and current transformers are 
assumed to be located on the busbar side of the shunt 
reactors.
Digital methods of simulating the responses of the 
mixing and relay circuits used in the block average 
comparator arrangement, and as described by Johns and 
A g g a r w a l ^ a r e  briefly outlined in Appendix 3, which 
also includes the simulation of the responses of the 
various circuits associated with the sequence compara­
tor arrangement. All the parameters associated with 
this study have already been presented in Chapter 4.
Initially, the various signals simulated (as 
applied to block average arrangement) are described in 
Section 8.2, followed by the principles underlying 
the sequence comparator arrangement in Section 8.3.
Section 8.4 briefly describes the two permissive schemes
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considered here, mainly the permissive overreach and 
the blocking scheme. The Zone 1 relay responses 
(independent mode) are presented in Section 8.5, 
followed by the responses involving the permissive 
overreach and the blocking schemes (dependent mode).
8.2 Block Average Arrangement
The relaying signals compared in a block average 
comparator arrangement to produce the polarised mho 
characteristics are of the well-known form of equation 
8 .1.
= IZ^ - V
S- = V + V . . .  (8.1)2 p
I, V are the relaying current at c.t. secondaries 
and the relaying voltage at the v.t. secondaries respec­
tively. Vp is the sound phase polarising voltage and 
Z^ is the replica impedance; the former is obtained 
using the polarising circuit and the latter is associated 
with a transformer-reactor arrangement (Appendix A3.2.1).
The signal is of a standard form and varies 
according to the type of fault, eg for an 'a'-earth 
fault, is of the form as shown in equation 8.2.
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where I is the zero sequence current and K is the res ^
residual compensating factor, as given by equation 8.3:
'LO
'LI
-  1 (8.3)
where and are the z.p.s. and p.p.s. line
impedances.
As regards signal , there are essentially three 
basic types:
(a) self-polarised:
(b) fully cross-polarised 
and (c) using the memory circuit.
8.2.1 Self-polarised type
In this case, the polarising signal is obtained 
from the same faulted phase and is not very satisfactory, 
mainly because for close-up earth faults the faulted 
phase voltage is close to zero, which gives unsatis­
factory signal. However, it can have certain advan­
tages for other fault positions. For an *a'-earth 
fault, for example, the S^ signal is given by equation
8.4:
= V + k V 2a a p a . . . (8.4)
where k is a constant. P
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8.2.2 Fully Cross-Polarised Type
The fully cross-polarised type is the most commonly 
used. In this case, the polarising signal is obtained 
from the healthy phases and for an 'a'-earth fault, 
for example, it is given by equation 8.5:
®2a = V, + kp . . .  (8.5)
where is the polarising constant and is equal to
k /90°.P —
8.2.3 Use of the Memory Circuit
In the case of series compensated lines, it has 
been found that the signal S2 obtained using the memory 
circuit can have certain advantages . In this type 
a mixture of the faulted and/or healthy phase voltage 
with a voltage from a memory circuit is used as the 
polarising signal. As, for example, for 'a'-earth 
fault, the signal is as expressed in equation 8.6:
^2a = \
Sza = Ga + kp . . .  (8.6)
where is the prefault steady state component of 
voltage and k^ is the polarised voltage constant which 
is equal to Ik I A 90°.pi
Second order low pass filter (as shown in Appendix 
A3.4) preconditions the S.̂ and S^ signals before
1 5 1 .
going into the block average comparator.
8.3 Fundamental Principles of the Sequence Comparator 
Arrangement
Distance relays based on the sequence comparator 
arrangement are a relatively new form of protection 
equipment and, as mentioned before, have a superior 
response both in terms of speed and accuracy to those 
based on the block average comparator arrangement.
The underlying p r i n c i p l e s ^ ^  can best be explained 
by (ignoring cross-polarising) assuming that the 
comparator has input quantities A and B, such that:
A = V - IZ
B = V /j t t /2
and the criterion for operation is that:
TT > arg (B/A) > 0
ie. A lags B by 0 to 180°. As the operation of the
comparator is required to be independent^ of the magnitude of
A and B, these two quantities are converted into square waveforms
before being supplied to the comparator. To understand the 
operation of the comparator, the input square waves 
may be regarded as logic variables. At any instant 
of time signal A can be either high or low, ie either
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A or A and likewise either B or B. If both signals 
are unity mark space of equal periods but differing 
phases, then the four states occur in a cyclic manner, 
There are only two possible sequences of these states 
as shown in Figures 8.1 and 8.2. These are:
(1) If A leads B :- A.B, A.B, A.B, A.B
(in one cycle). It follows that when A 
changes it gains the opposite polarity to 
B, and when B changes it gains the same 
polarity as A.
(2) If A lags B A . B ,  A.B, Â.B, Â.B 
(in one cycle). Again, it follows that 
when A changes it gains the same polarity 
as B, but when B changes it gains the 
opposite polarity to A.
The comparator has a logic circuit which 
examines the input signals at each polarity change to 
see which of the two statements is true and thus 
determines whether the sequence is progressing in a 
trip or a restrain direction.
In order to ensure the comparator is foolproof 
against spurious noise and so on, the following 
criteria are employed in determining the tripping 
output :
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(a) When the counter is incremented to a count 
of one (ie there is an upward count of 1 
due to a polarity change), the trip 
output is inhibited for 6 ms.
(b) Subsequently, if there is an upward count 
of 1 as soon as the 6 ms have elapsed, a 
trip signal is given by the comparator, 
provided there is no change of state in a 
restrain sequence (down count) during this 
period of 6 ms. If a down count is, 
however, detected in this period of 6 ms, 
then the tripping condition is changed to 
a count of three.
(c) There should always be a gap of at least 
4 ms between the new count and the last 
count for the tripping counter to register 
1 upwards.
(d) Once the comparator gives a trip output, 
the output can only reset when the counter 
is decremented to zero.
8.3.1 Modelling on a Digital Computer
Here again, essentially there are two signals to 
be compared. Taking an 'a'-earth fault as an example, 
they are essentially of the form of equation 8.7:
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S l a  = ''a - + K
^2a = ''a + V b c  + . . .  (8.7
IZ^ is a component of the voltage associated with the 
transphasor circuit (as shown in Appendix A3.2.2) and 
kp kgE^ are the sound phase polarising and
synchronous polarising voltages respectively, as shown 
in Appendix A3.3.
In order to eliminate the effects of travelling 
wave distortion of the voltage signal, a second order 
low-pass filter with a cut-off frequency of 500Hz 
preconditions the voltage signal (Appendix A3.4). As 
mentioned previously, in order to make the two signals
and independent of the magnitudes, they are converted 
into squared waveforms and in order to comply with the criteria for
comparison, the second signal (E^) is advanced by -90°, 
ie delayed by 5 ms. The complete arrangement is shown 
in Figure 8.3. The logic as described previously is 
then applied to obtain the up and down counts for the 
trip signal and the previously described tripping 
criterion is used.
8.4 Principles of the Permissive Schemes (Dependent Mode) 
One of the main disadvantages of conventional time- 
stepped distance protection (Figure 8.4) is the fact
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that the instantaneous Zone 1 of the protection at 
each end of the protected line cannot be set to cover 
the whole of the feeder length, and is usually set to 
about 80%. This leaves two 'end zones', each being 
about 20% of the protected feeder length, in which 
faults are cleared instantaneously (Zone 1 time) by 
the protection at one end of the feeder, but in Zone 2 
time (0.3 - 0.4 sec) by the protection at the other 
end of the feeder. In some applications this situation 
cannot be tolerated for the following three main 
reasons :
(1) Faults remaining on the feeder for Zone 2 
time may cause the system to become unstable.
(2) Where high speed autoreclosing is used, the 
non-simultaneous opening of the circuit 
breakers at both ends of the faulted sections 
results in no 'dead time' during the auto­
reclosure cycle for the secondary arc to
be extinguished and for ionised gases to 
clear. This can result in a permanent 
lockout of the circuit breakers at each 
end of the line section for a transient 
fault.
(3) In series compensated lines where speed of 
relay operation can be quite important (due
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to the capacitor spark gap operation), 
this delayed relay operation for certain 
fault conditions can be quite onerous.
Unit schemes of protection which compare the 
conditions at the two ends of the protected feeder 
simultaneously can positively identify whether the 
fault is internal or external to the protected section, 
and are capable of providing high speed protection for 
the whole feeder length. This advantage is, however, 
offset by the fact that the unit scheme does not 
provide back-up protection to adjacent feeders given 
by a distance scheme. The most desirable scheme is 
obviously one which combines the best features of both 
arrangements, ie instantaneous tripping over the whole 
feeder length, plus back-up protection to adjacent 
feeders. This can be achieved by interconnecting the 
distance protections at each end of the protected 
feeder by a signalling channel. This signalling channel 
may be high frequency signalling over the overhead line 
conductors, or voice frequency using either pilots, a 
power line carrier communications channel, a radio link 
or a microwave channel. The purpose of the signalling 
channel is to transmit information about the system 
conditions at one end of the protected line to the 
other end; it can also be arranged so as to initiate 
or prevent tripping of the remote circuit breaker.
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The former arrangement is generally referred to as 
a 'transfer trip scheme', whilst the latter is known 
as a 'blocking scheme'.
In this work, the performances of two permissive 
schemes, namely the 'permissive overreach' and the 
'blocking' schemes as applied to series compensated 
lines, have been evaluated (both using the block 
average and sequence comparator arrangement) in order 
to find out whether such schemes offer any added 
advantages.
8.4.1 Transfer Tripping (Permissive Overreach) Scheme
A prime example of transfer tripping is the per­
missive overreach scheme. In such a scheme, a relay 
is set so that it covers faults beyond the remote 
terminal, normally set for 120% of the line length is 
used to send an intertripping signal, as shown in 
Figure 8.5(a). In this case, however, it is essential 
that the receive relay contact be monitored by a 
directional mho type relay contact to ensure that 
tripping does not take place unless the fault is within 
the protected section. The situation as regards the 
tripping circuits at the two ends are concerned is 
shown in Figure 8.5(b).
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With reference to Figure 8.5(a) and considering 
a fault at point X(say), close to end S, it can be 
seen that because of the nature of the directional relay 
settings, the fault although close to end S, would 
still be picked up almost simultaneously by the two 
directional mho relays at ends S and R, resulting in 
contact %2g, closing, which in turn transmit an
inter-tripping signal from each end of the line and 
this controls the receive relay contact at the remote 
end. The tripping times of the relays at each end 
are thus not only dependent on the operating times of 
the mho relays, but also on the times taken to send 
the tripping signal, typically between 5 and 15 ms.
If the lower 5 ms is taken, then the tripping time Tg 
from the end S is:
= '^2S ’’2S : ?2R + 5 ms)
or = T^^ + 5 ms (if T^g < T^^ + 5 ms)
Again, the tripping time T^, from end R is:
^2R ^2R “ *̂ 25 ^
or = T^g + 5 ms (if T^^ < T^g + 5 ms)
As regards the fault at point (say) this would 
result in Z^g closing and sending a carrier signal to 
end R. However, because of the directional relay at 
end R, the closing of contact 'Z>2 -̂r and hence transmission
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of carrier to end S, would be prevented. Hence, trip­
ping for external faults is not possible. The same 
principle applies to fault at point .
8.4.2 Blocking Scheme
A normally closed receive relay contact is used 
in the tripping circuit, allowing instantaneous tripping 
via the forward looking directional Zone 2 starting 
units Z^g and Zg^y as shown in Figure 8.6(a).
A blocking instruction has to be sent by the 
reverse-looking offset directional units Zgg, Z^^ to 
prevent instantaneous tripping for out of zone faults.
To achieve this, the reverse looking units Zgg, Ẑ ^̂  ̂
must operate faster than forward looking Z^g and Zgp 
units and the signalling channel must also be extremely 
fast in operation. In practice, this is seldom the 
case and to ensure discrimination,a short time 
is generally introduced into the blocking mode trip 
circuit. In order to ensure that no blocking signal 
is sent for an internal fault (especially for a fault 
in the region X or Y ) , a forward looking Z^ contact in 
the signalling channel start circuit is connected as 
shown in Figure 8.6(b).
The situation as far as the tripping circuits at 
the two ends is concerned, when considering a fault at
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point (say) close to end S of Figure 8.6(a), is 
as follows.
A fault at point X.j could result in the operation 
of Zgg, Zgg and Zgp. As the fault is in the forward 
direction as regards Zgg, this would result in the 
normally closed contact being opened, thus preventing 
the carrier to be transmitted to end R when Zgg operates 
This means that the receive relay contact at end R 
remains closed and hence tripping occurs at end R,
As regards the carrier transmission from end R, because 
the fault is outside the reach of Zpp, therefore Ẑ ^̂  ̂
contacts do not close and hence no carrier transmission 
to end S. Naturally, when the fault is anywhere in 
the region - Pg, neither Z^g nor Z^p contacts close 
and hence no blocking signal is sent.
If a fault occurs external to the protected zone, 
say at X ^ , then as regards the end S, relay Z^g sees 
it as a reverse fault and hence no trip signal. Î n 
the case of transmission from end S, remains closed 
and because Zgg operates, therefore a blocking signal 
is transmitted to end R, opening contact and hence 
there is no trip signal at end R either. The same 
principle applies for faults at end R.
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8.5 Relay Responses Evaluation
The majority of studies presented here are for
faults at an instant of time corresponding to voltage
maximum, and some studies corresponding to voltage
minimum (ie zero voltage) are also presented. Relay
performance in the independent mode of operation is
examined first as applied to the two different systems
(Figures 2.7 and 2.8), followed by a limited study
involving the dependent mode of operation as applied to
the multi-section feeder configuration only.
8.5.1 Single Section Feeder
8.5.1.1 A capacitor at each end
Figure 8.7(a) shows a typical coincidence
detector Zone 1 relay output of the relaying signals 
S.J and S^ using the block average arrangement, the
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fault being at 75 km from the sending end. The relay 
settings as shown by Figure 4.2(a) assume that none of 
the capacitors flashover. It can be seen that the 
integrator output (Figure 8.7(b)) builds up gradually 
and the sending end relay gives a trip signal at about 
15ms after fault inception. This is so in spite of the 
fact that the sending end capacitor flashover at 4.75 ms 
after fault inception. Figure 8.7(c) shows the corres­
ponding integrator output for the receiving end relay 
again for a fault at 75 km from the receiving end and 
this also indicates a similar sort of trip time.
However, for a mid-point fault (150 km), relays at both 
end fail to reach the set level due to the sudden change 
of system parameters, the latter resulting from capacitor 
gap operation at the two ends (Figures 8.7 (d, e) ) .
Figure 8.8 shows a typical response of the relay 
employing the sequence comparator arrangement. In this 
case, slightly slower trip times of 16 ms and 15.5 ms 
(for the sending end and receiving end relays respec­
tively) are obtained for an identical fault at 75 km.
Here again the relays fail to operate for a mid-point 
fault, primarily because the capacitor spark gap 
operating times are faster than the relay operating times 
Figure 8.9 shows how the two relays respond when the 
relay settings assume no flashover of the capacitors.
It can be seen that the sequence comparator has a
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slightly better performance in terms of the operating 
times than the block average arrangement. However, in 
both the cases, there is a considerable amount of 
underreaching - 52% for the block average and about 
60% for the sequence comparator, this being due to 
the capacitor spark gap operations. This can be 
verified to be approximately correct by looking at 
Figure 4.2, which clearly shows that the relays would 
detect faults only in the region A B ' if there is a 
capacitor flashover (corresponding to a fault point of 
130 km). The primary system waveforms have indicated 
that for a feeder terminated in relatively simple 
sources (ie the configuration of Figure 2.7) the 
capacitors at both end do flashover for a majority of 
fault conditions (again shown in Table 8.1), and they 
do so in a relatively short time after fault inception. 
Figure 8.10 shows the relay responses when the relays 
are set assuming that there are no capacitors in the 
circuit (corresponding mho characteristic shown in 
Figure 4.2(b)). Here again the relatively faster 
response of the sequence comparator, especially at 
the boundary, is evident but the interesting point to 
note here is that the underreaching effects are consi­
derably reduced (in fact there is a slight overreaching 
of about 1.7% in the case of the sequence comparator), 
this being about 6% and 10% for the block average 
sending end and receiving end relays respectively.
Table 8.1 summarises the relay performance.
164.
4-) G
-H •H m •H
P u a O un un un un o o o un un un 0
U n3 4-1 LD 04 04 04 04 o o o CN 04 04 p
U G 0 • 1 • 1 . • 1 • • • • • • • 4-J
•H W u  B r— o o o o o 04 CN o o o 0
U \  -H r— T—  ' T— T— r— T— T— T— CN CN 04 0[/] 4-1 p
(U G
j:: •H-p > CL, ' G ••H •H U) •H <c
G 0) P B m 00 00 00 O O Tf 0 >•H U 4-> — ' CN CD CD CD TT o 04 P u
(ü 0 • 1 • 1 • . 1 « • • « -P z z z
p et: <  B 04 T— T— T— 04 r- T- 04 0 o
0 \  -H T— T— T— 04 C4 04-1 pq 4-1 U o■H T—
u
fO I •
a a , ^ G 0
fd •H W •H g
u p e O O un O O O o O O O o 0 O ■H4J ̂ LD un 04 un un un un un un un un P 4-J
g TS 0 • 1 • 1 • • • • • • 1 • • • -P I
G U  g t— o O o o o o o o o o 0 en
JG w \  -H T— r- T— T— T— T— T— T— T— T- r— 0 c/3 G4J C/3 4-) P O •H
•H tJ- 4-J
15 G 0•H CL,-- G • P
TS •H 0 •H P 0
G G P g O Tf O 00 un 04 CD CD 0 0 CL,•H (U 4-> LD TT C4 CD 04 un en P Td 0
4J œ 0 • 1 « 1 • • . • • • 1 • -P Z 0
4-> <  g (N T— r- T— T— on 00 en TT 0 0 > 1Q) \  -H T— T— r— r— T— T— r— T— 04 0 CH 0
W m  4-j P f—1
G 0
•H
04 — G 4-J P■H W •H U 0
4J P g LD o O un 0 0 -p•H 4-1 LOI un 04 G 0 0
G G 0 • • • • 1 4-J r r Z Z z z Z z p
U w U  g T— T— un un CO 0 0
P \  -H t— T— 0 f—4 CL•H en CO 4J P en g
U ■H •H U
(U > O, — G CO
jC ■H •H 0 •H 04-» (U P g LD VD CD 0 ü
u 4-1 04 Ul 04 un Cl • G
G 0 0 • « • • 1 « 4-> = Z z z z Z z t ! 0•H ft; <c g 04 m en m W G G-H T— T— T— T— 04 0 0 er




U Ou — G U Gfd •H U) •H 0 0
Û4 U g O O O un un un 0 0fd 4-J o o o o~ o~ 04 Cl 0
u T5 0 • • • • • . 4-J = Z z z z z z 4-J en
G U  g 04 CD un un T— 0 0 0
4: w \  -H r— r- T— T— t— CN 0 p
4-» C/3 44 Cl P 0•H tJl 0 >
G 4-J 0
•H Ou — G -H
en Tl •rH CO •H U Ai
G G p g O o oo 04 o O 0 0 u•H 0 4-J o LD CD en o Cl CL, 04J œ 0 • . . . • . 4-J 0 1—1
4J <  g ro en 0 U PQ
(U -H 04 0co PQ 4-1 G <c
o  4J •
\  G o O un o o O un un o o o o ootu 03 m un o un O 04 04 un un o un
• 4-1 CO • . . • • • • • • • 1 • • 1 1 0
CL, m £ o TT un un CD CD un CD CD 1—1
0  G T— T— T— T— r - r— -QU  -H 0
Eh
(Uu O o O o o O O O O O O O O o o
: B -4 g o o O o o O O o o o O O o o Ofd O D • • • • • • • • • • • • • ' •
4-1 u o o LO un o un O o un un un un o 04U) u-i u pq vo 00 o T— 04 un oo o r - 04 un
•H U} çr̂ ,- 04 04 04 04 04 04
Q
165.
As far as the voltage minimum (ie voltage zero) 
faults are concerned, results have shown that the 
faulted phase capacitors flashover for a majority of 
fault positions, and this means that if the relays are 
set with the capacitor in the circuit then like the 
corresponding case for voltage maximum faults, a 
considerable amount of underreaching is produced for 
both types of relays. When the relays are set without 
the capacitors in the circuit, the responses are as 
shown in Figure 8.11. It can be seen that unlike the 
case for voltage maximum faults (Figure 8.10), the 
block average relay has a better performance (in terms 
of both speed and relay reach) than the sequence 
comparator relays, this being so both for the sending 
end and receiving end relays. Figure 8.12 shows a 
typical output response of the two arrangements for a 
fault at 165 km.
8 . 5 . 1 . 2 A Capacitor at the mid-point
Similar sorts of relay responses, both for the 
block average and sequence comparator relays as above 
are obtained when considering a single capacitor in 
the middle of the line with a series compensation of 
30%. Table 8.2 gives details of their operating times 
at different fault locations, along with capacitor 
flashover times. In the case of the relay setting 
without capacitor flashover, it can be seen that
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irrespective of the flashover, the sending and receiving 
end block average relay operates for faults up to about 
143 km and 138 km respectively. The operating times of 
the sequence comparator relay are slightly reduced 
(especially the receiving end relay) and in this case 
both the sending end and receiving end relays operate 
for faults up to about 143 km. The relay responses are 
shown in Figure 8.13, which indicate 41.5% and 40% 
underreach for the block average and sequence comparator 
respectively. This can again be verified to be correct 
by looking at the mho characteristic of Figure 4.4, 
where the locus AC corresponds to a maximum fault point 
of 150 km and which is the maximum reach point of a 
relay (with this particular setting) if there is a 
capacitor flashover. The slight disagreement between 
the two reaches is due to the effects of the travelling 
wave distortion at the boundaries of relay operation.
If the relay setting is changed to that of capaci­
tor flashover, then the relay performance is again 
vastly improved, primarily due to the fact that here 
again the faulted phase capacitor flashes over for the 
majority of fault positions as shown by Table 8.2. It 
is observed that the sequence comparator relay has 
faster and better performance than the block average 
counterpart. The underreaching being 1.6% and 2.3% 
respectively for the two ends (Figure 8.14).
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Studies have also indicated that the relay 
remains stable for reverse faults.
8.5.2 Multi-Section Feeder 
8 . 5 . 2 .1 A Capacitor at each end
The primary system waveforms have indicated that 
the random behaviour of the capacitor protective gap 
operation is more noticeable in the case of a line 
terminated in complex source models, and this is 
apparent by comparing Tables 8.1 and 8.3. It can be 
clearly seen that in the former case (which is for a 
simple source model) both the faulted phase capacitors 
flashover almost simultaneously for a majority of fault 
positions, whereas in the latter case (which is for a 
complex source model) it is very random in nature. With 
relays initially set without capacitor flashover. Figures 
8.15 and 8.16 show typical output of the block average 
and sequence comparator arrangement for a fault at 
185 km from the sending end. It can be seen that both 
types of relay for end S operate for faults up to 
about 185 km and 195 km, showing an underreach of about 
23% and 18% respectively, and this is in spite of the 
fact that the end S capacitor never flashes over (as 
shown by Table 8.3). This can be put down firstly to 
the effect on the end S relay due to the shorting out 
of the end R capacitor, and secondly due to the com­
plexity of the source side networks. Figure 8.17 shows
169.
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the relay responses. One interesting point to note 
here is the behaviour of the end R block average relay. 
It can be clearly seen in this particular case that the 
relay operates for faults up to about 132 km, restrains 
for faults up to about 195 km and then again operates 
for faults in a small region of 195-200 km. This can 
be put down to the fact that the end R capacitor sparks 
over in a random fashion (as shown by Table 8.3) and 
the rather peculiar behaviour of the relay can best 
be explained with reference to the mho characteristic 
of Figure 4.2, which shows that if the relay is set 
with the capacitor in the circuit then irrespective 
of whether the capacitor flashover or not, all faults 
would be picked up in the region AB* (which correspond 
to a maximum fault point of 130 km) and would fail to 
pick up faults beyond this if the capacitor flashes 
over. However, Table 8.3 shows that the R-end capaci­
tor flashover for faults only up to about 195 km and 
this means that theoretically the relay which has been 
set without capacitor flashover should also pick up 
faults between 195 and 240 km (locus B ' C  in Figure 
4.2), the latter being its 80% reach point. In this 
particular case ,because the relay performance is also 
affected by the system configuration, it picks up 
faults between 1 95-200 km only. As as the end R
sequence comparator relay is concerned, it shows a 
better coverage (156 km) than the corresponding block
171 .
average relay whose reach point is reached at about 
132 km. This is so because for faults between 132 and 
156 km,the sequence comparator relay operation is 
faster than the spark over time of the R-end capacitor 
(as seen by Table 8.3). However, unlike the block 
average relay, the sequence comparator relay does not 
show the narrow band of operation for faults between 
about 195-200 km. As regards the reverse faults, the 
relay remains stable. The results concerning the 
block average relay have been obtained by utilising 
the signals as shown by equation 8.5.
In order to assess the advantages of the memory 
circuit considering signal S2 of the block average 
comparator arrangement (as shown by equation 8.6), a 
new set of results is obtained, details of which are 
summarised in Table 8.3. It can be seen that the 
relay has a relatively faster response when such a 
circuit is employed (typical output of the block 
average arrangement using memory circuit for faults 
at 185 km is shown in Figure 8.18). However, in spite 
of the faster response, the block average relay at 
end R still has the restraining condition for faults 
between about 135-195 km and as in the previous case, 
operates again for faults between 195-200 km.
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As regards the using of the self-polarising 
signal in choosing S2 (equation 8.4), it was found 
that the results obtained are very similar to those 
obtained using equation 8.5.
On changing the setting of the relays assuming 
that flashover occurs at all times, a new set of 
operating times are obtained, as summarised in Table 
8.4, and again as shown by the relay response in 
Figure 8.19. It can be clearly seen that both the 
sending end and receiving end block average relays 
overreach substantially. This is also the case for 
the sequence comparator relay.
All the above results are for voltage maximum 
faults. As far as the voltage minimum faults are 
concerned, studies have shown that both the sending end 
and receiving end capacitors flashover for a majority 
of fault positions and, unlike the voltage maximum 
faults, both the sending end and receiving end 
capacitors flashover for not only the simple source 
models, but also for the complex source models. There­
fore, for complex source models and with the relays 
set assuming no capacitor flashover, there is a 
substantial amount of underreaching as shown by Table
8.5 for the two types of relays. However, when the 
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Table 8.5 A Capacitor at each end. Multiple 
source. Voltage minimum. Block 
average and sequence comparator relays 
underreach
This is in marked contrast to the corresponding 
case for voltage maximum faults (Figure 8.19) which 
shows that when the relays are set without the capacitor 
in the circuit, the relays tend to overreach quite 
considerably.
Figure 8.20 shows a typical output response of 
the two arrangements for a fault at 165 km and 
Figure 8.21 shows the relay responses. As in the 
corresponding case for the simple source model, it can 
be seen that the block average relay has an overall 
better performance than the sequence comparator relay.
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8 . 5 . 2.2 A Capacitor at the mid-point
In this study first 30% series compensation is 
assumed. Here again, the very random nature of the 
capacitor spark gap operation is apparent (Table 8.6) 
and this in turn significantly affects the relay 
performance. With the Zone 1 relay setting assuming 
no flashover of the capacitor, the response character­
istics are shown in Figure 8.22 which clearly shows 
the various bands of relay operations due to capacitor 
flashover. In the case of end S block average relay, 
for example, it can be seen that the relay operates 
for faults up to about 135 km, restrains for faults 
up to about 150 km and then operates again for faults 
between 150-200 km. This phenomena can again best be 
explained with reference to Figure 4.4, which shows 
the mho characteristic of the relay both with and 
without the capacitor in the circuit. It can be seen 
that for a relay set with capacitor in circuit, irres­
pective of whether the capacitor flashover or not, 
the relay would always pick up faults in the region 
AC (corresponding to a maximum fault position of 
150 km) and would fail to pick up faults beyond this 
if the capacitor flashover. Table 8.6 shows that the 
capacitor flashover for faults between about 125-150km 
and then stays in the circuit and this means that a 
relay with this particular setting would have a no- 
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all faults between 150-240 km. In this particular 
case, faults only up to about 200 km are picked up, 
because apart from the effect of capacitor flashover, 
the relay performance is also affected by the 
system configuration. As far as the end R block 
average relay is concerned, when considering the faults 
from the receiving end, unlike the case for the 
simple source model (as shown by Table 8.2, which shows 
that the capacitor spark gap operating times are 
identical for faults from either end) the behaviour 
of the capacitor spark gap is very different. Table
8.6 shows that there is no flashover for faults up to 
about 150 km, the capacitor flashes over for faults 
between 150-175 km and then stays in the circuit for 
faults subsequently. Theoretically, all faults up 
to about 150 km and again between 175-240 km should 
be picked up by the relay, but the results show that 
these limits are about 140 km and 185-200 km as 
shown by Figure 8.22.
The sequence comparator relay (again set with 
capacitor in the circuit) at end S has a similar 
performance to the block average, except that it 
operates faster for the majority of faults. Like 
the block average relay it has a similar sort of 
narrow band (between about 142-150 km) of no-operation 
and this is in contrast to the results of corresponding
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case for the system with a capacitor at either end 
(Figure 8.17) which failed to show such a band. The 
relay then picks up faults up to about 200 km, 
similar to the block average relay. As regards the 
receiving end relay, the band of no-operation is 
similar to the end S and the relay then picks up 
faults for 150 km to only about 175 km. The results 
are again summarised in Table 8.6 and Figure 8.22 
gives the corresponding response characteristic.
When the relays are set without the capacitor in 
the circuit, both types of relays tend to overreach, 
as shown by Table 8.6.
When the degree of series compensation is 
increased to 50%, the band of no-operation for the 
sending end relay (both for block average and 
sequence comparator) is increased very considerably 
as shown by the response curve of Figure 8.23. This 
again is attributed to the effect the flashing over 
of the capacitor has on a relay initially set with 
the capacitor in the circuit. With reference to the 
mho characteristic of Figure 4.3, it can again be 
seen that irrespective of whether the capacitor 
flashes over or not, the relay would always pick up 
faults in the region AB, which correspond to a 
maximum fault point of about 91 km and would fail to
179.
do so if there is a capacitor flashover for subsequent 
faults. In this particular case Table 8.7 shows that 
for faults from the sending end the capacitor sparks 
over for faults between about 75-150 km and then stays 
in the circuit for the rest of the fault positions, 
and this means that the no-operation band should be 
between about 90-150 km. Figure 8.23 clearly shows 
this to be approximately the case for both the block 
average and sequence comparator sending end relays.
The upper limits of operation for the two relays is, 
however, reached at about 175 km as opposed to the limit 
of 240 km, this discrepancy again is due to the effect 
the system configuration has on relay performances.
In the case of end R relay (when considering 
faults from the receiving end). Table 8.7 shows that 
the capacitor does not flashover for faults up to 
about 150 km and then flashes over for all faults 
subsequently. This means that the relay should 
theoretically pick up all faults up to about 150 km 
and restrain subsequently. However, as shown by 
Figure 8.23, this is not quite the case and it can be 
seen that both the block average and sequence compara­
tor relays reach the limit for faults up to 80 km.
180 .
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8.5.3 Dependent Modes of Operation
8.5.3.1 Permissive Overreach (Transfer Tripping) Scheme
8.5.3.1.1 A capacitor at each end
Table 8.8 gives details of operating times obtained 
for the permissive overreach scheme, utilising both the
block average and the sequence comparator relays, both
relays being set to 120% as shown by Figure 4.5(a). The relay
responses are as shown in Figure 8.24. It can be seen that
the protection scheme employing both the block average
and sequence comparator relays gives the full 100%
coverage. As regards the operating times, however, there
is a wide variation for both type of relays and this very
much depends on the fault position. In the case of the
scheme employing block average relays, the operating
times for both sending end and the receiving end schemes
are around 16-22ms for majority of faults, and rising to
about 27ms for faults close to the busbar. This wide
variation can be attributed not only to the interdependency
of the sending end and receiving end protective schemes,
but also due to the random nature of the capacitor spark
gap operation as shown in Table 8.8. In the case of the
scheme employing sequence comparator relays, the overall
response is superior, in terms of operating times being
about 17ms for the majority of faults. The end S scheme
has a uniform operating time throughout except for faults
at the remote end, where the operating time rises to about
20ms. However, the scheme employing sequence comparator
at end R has an operating time of about 26ms for faults
182.
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up to 20% of the line length and a shorter operating 
time of about 12.5ms for faults from about 85% of the 
line length onwards. It can be clearly seen that the 
scheme employing the block average relay is more affected 
by the random nature of the spark gap than the scheme 
employing the sequence comparator relays, this being 
more noticeable for faults close to the two ends of the 
protected feeder.
8.5.3.1.2 A capacitor at mid-point
When a single capacitor is placed at the mid-point 
with 30% series compensation, the relay responses are as 
shown in Figure 8.25, and the operating times are 
summarised in Table 8.9. Again, full coverage is attained 
using such a scheme (for both block average and sequence 
comparator relays). Similar sort of responses to the 
previous case (Figure 8.24) are obtained, except for 
responses close to the two ends. In the case of the 
block average relay in particular, the end S scheme for 
close up and remote end faults has operating times of 
about 24 and 25 ms respectively, compared to 26 and 21 ms 
for the previous case (Figure 8.24), and the end R scheme 
operating times for close up and remote end faults are 
about 20ms compared to 26 and 22 ms for the previous case.
When the amount of compensation is increased to 50%, 
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scheme employing both the block average and sequence 
comparator relays gives 100% coverage and the responses 
are similar to the case of a capacitor at each end, 
with 70% compensation (Figure 8.24). Table 8.10 summari­
ses the relay operating times.
8.5.3.2 Blocking Schemes
8.5.3.2.1 A capacitor at each end
Table 8.11 gives details of the operating times for 
a blocking scheme employing both block average and sequence 
comparator relays set to 150%, as shown by the mho charac­
teristic of Figure 4.5(b). The relay responses are shown 
in Figure 8.27. Comparing this with the corresponding 
case for the permissive overreach scheme (Figure 8.24), it 
can be seen that the blocking scheme, for majority of 
faults, has a much superior response than the latter, 
especially in terms of operating times (being 17-20ms 
as compared to 16-22 ms for the former). Also, for such 
faults the response remains uniform and the operating times 
do not vary a lot from one fault position to the other, 
unlike the permissive overreach scheme. This is particularly 
so for the scheme employing the block average relay. The 
end S block average relay operating time remains more or 
less uniform for the entire feeder length, whereas the 
end R remains so for faults up to 75% of the line length, 
and thereafter the operating time rises to about 26ms.
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at end S, for close up faults (ie up to about 20% of the 
line length) , the operating time is lower and is about 
11.5 ms. This is also the case for the end R scheme 
employing sequence comparator relay, the latter being in 
marked contrast to the permissive overreach scheme 
(Figure 8.24) where the operating time increases to about 
26ms for close up faults.
8.5.3.2.2 A capacitor at mid-point
When a single capacitor in the middle is considered 
and with 30% compensation the relay responses are as shown 
in Figure 8.28, which are quite similar to Figure 8.27, 
except for faults close to the two ends of the protected 
feeder. The end R scheme employing block average relay 
operating time for such fault conditions reduces to about 
21.5ms compared to 26ms (Figure 8.27) and the end R scheme 
employing sequence comparator scheme increases to about 
26ms compared to 20ms (Figure 8.27). Also, comparing 
Figure 8.28 with the corresponding case for the permissive 
overreach scheme (Figure 8.25) it can be seen that the 
operating times utilising the blocking scheme are faster 
then the latter. Table 8.12 summarises both the relay 
operating times and it also shows the random nature of the 
capacitor flashover.
When the compensation is increased to 50%, the relay 
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the responses are quite similar to the case where a 
capacitor is located at each end and with associated 
70% compensation. Here again the uniformity of the 
operating times for a majority of faults can be clearly 
seen unlike the corresponding case for the permissive 
overreach scheme as shown by Figure 8.26. Table 8.13 
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Figure 8.1 Effect of logic variables for comparator 
(restrain condition)
(a) squared inputs (b) logical states
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Figure 8.7
Single section feeder;a capacitor at each end.
B/A relay (setting with capacitor in the circuit)
Faults at voltage maximum.
(a) Relaying signals  ̂ ^2 ' f&ult at 75km 
from the S.E.
(b) S.E. relay integrator output, fault at 
75km from the S.E.
(c) R.E. relay integrator output, fault at 
75km from the R.E.
(d) S.E. relay integrator output, fault at 
mid-point.
(e) R.E. relay integrator output, fault at 
mid-point.
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Figure 8.8 Sequence comparator response,
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Figure 8.12 S.E. relay (set with cap. F/0) responses 
for a voltage minimum fault at 165km 
from the S.E. (single section feeder).
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S.E. B/A relay (set with capacitor 
in the circuit) responses for voltage 
maximum fault at 185km from S.E. 
(multi-section feeder)
(a) relaying signals S.j and S2 ; (b) integrator output
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Figure 8.16 S . E .  S / C  r e s p o n s e s  f o r  c o n d i t i o n s  s i m i l a r  
t o  F i g u r e  8 . 1 5 .
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Figure 8.20 S . E .  r e l a y  ( s e t  w i t h  c a p .  F / 0 )  r e s p o n s e s  
f o r  a  v o l t a g e  m i n i m u m  f a u l t  a t  1 6 5 k m  f r o m  
t h e  S . E .  ( m u l t i - s e c t i o n  f e e d e r ) .
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191 .
C H A P T E R  9  G E N E R A L  C O N C L U S I O N  A N D  S U G G E S T I O N S  F O R
F U T U R E  W O R K
9 . 1  C o n c l u s i o n
I n  t h i s  t h e s i s ,  f r e q u e n c y  d o m a i n  t e c h n i q u e s  h a v e  
b e e n  d e v e l o p e d  f o r  r e a l i s t i c a l l y  m o d e l l i n g  a  s e r i e s  
c a p a c i t o r  c o m p e n s a t e d  s y s t e m  w i t h  s h u n t  r e a c t o r  a t  
e a c h  e n d  o f  t h e  l i n e  m o d e l .  S u c h  r e a l i s t i c  a n d  
d e t a i l e d  m o d e l l i n g  t e c h n i q u e s  a r e  e x t r e m e l y  u s e f u l  f o r  
a  n u m b e r  o f  t h i n g s ,  s u c h  a s :  a s c e r t a i n i n g  t h e
p e r f o r m a n c e  o f  t h e  v a r i o u s  e x i s t i n g  p r o t e c t i v e  
s c h e m e s  a s  a p p l i e d  t o  s e r i e s  c o m p e n s a t e d  l i n e  a n d  a l s o  
f o r  t h e  f u t u r e  d e v e l o p m e n t  o f  a n y  o t h e r  p r o t e c t i o n  
s c h e m e s  a s s o c i a t e d  w i t h  s u c h  l i n e s , f o r  d e t e r m i n i n g  t h e  
m i n i m u m  c a p a c i t o r  g a p  s e t t i n g s  a n d  a l s o  t h e  s y s t e m  
i n s u l a t i o n  l e v e l s .
A s  m e n t i o n e d  i n  t h e  p r e v i o u s  C h a p t e r s ,  i n  t h e  c a s e  
o f  s e r i e s  c o m p e n s a t e d  s y s t e m s ,  p r o t e c t i v e  g a p s  a c r o s s  
t h e  c a p a c i t o r s  a r e  a r r a n g e d  t o  s p a r k o v e r  w h e n e v e r  t h e  
v o l t a g e  a c r o s s  a  c a p a c i t o r  r e a c h e s  a  c e r t a i n  p r e s e t  
t h r e s h o l d  v a l u e .  D u e  t o  t h e  n o n - l i n e a r  a n d  r a n d o m  
n a t u r e  i n  w h i c h  t h e  v a r i o u s  c a p a c i t o r s  g e t  s h o r t e d  o u t  
u n d e r  f a u l t  c o n d i t i o n s ,  t h e  s i m u l a t i o n  m e t h o d s  c a n  
b e  q u i t e  c o m p l e x .  F u r t h e r m o r e ,  t h e  c o m p l e x i t y  o f  t h e  
w h o l e  s i m u l a t i o n  p r o c e s s  i s  a c c e n t u a t e d  w h e n  a p p l y i n g  
s i n g l e  p o l e  a u t o r e c l o s u r e  s e q u e n c e s .  I n  t h i s  w o r k .
192.
f r e q u e n c y  d o m a i n  t e c h n i q u e s  h a v e  b e e n  e x t e n d e d  t o  s o l v e  
s u c h  n o n - l i n e a r i t i e s ,  t h i s  b e i n g  d o n e  b y  m e a n s  o f  a  
s t a n d a r d  m a t r i x  a r r a y  w h i c h  r e l a t e s  c o n d i t i o n s  a t  a l l  
p o i n t s  o f  p o s s i b l e  n o n - l i n e a r i t i e s  w i t h i n  t h e  n e t w o r k .  
T h i s  m a k e s  t h e  s i m u l a t i o n  t e c h n i q u e s  v e r y  e f f i c i e n t  
c o m p u t a t i o n a l l y ,  a s  t h e  s t a n d a r d  m a t r i x  c a n  b e  c o m p u t e d  
a n d  s t o r e d  a t  t h e  o u t s e t ,  r i g h t  a t  t h e  b e g i n n i n g  o f  a
f a u l t  s i m u l a t i o n  c y c l e  a n d  u s e d  o v e r  a n d  o v e r  a g a i n  f o r
s i m u l a t i n g  t h e  v a r i o u s  s e q u e n c e s .  T h e  s t e p s  i n v o l v e d  
i n  t h e  c o m p l e t e  s i m u l a t i o n  p r o c e s s  ( a s  d e t a i l e d  i n  
C h a p t e r s  2  a n d  3 )  c a n  b e  s u m m a r i s e d  a s  f o l l o w s ;
( a )  C a l c u l a t i o n  o f  t h e  p e r  u n i t  l e n g t h  p a r a ­
m e t e r s  o f  a  l i n e  h a v i n g  s e r i e s  c o m p e n s a ­
t i o n  w i t h  s h u n t  r e a c t o r s .
( b )  D i s c r e t e  t r a n s p o s i t i o n  o f  t h e  l i n e .
( c )  C a l c u l a t i o n  o f  t h e  p r e f a u l t  s t e a d y  s t a t e  
v a l u e s  o f  c u r r e n t s  a n d  v o l t a g e s  a t
d i f f e r e n t  p o i n t s  a l o n g  t h e  l i n e ,  e g  t h e
r e l a y i n g  p o i n t  a n d  t h e  p o i n t  o f  f a u l t .
( d )  S i m u l a t i o n  o f  t h e  s o u r c e  s i d e  n e t w o r k s  
w h i c h  i n c l u d e s  t h e  m u l t i - s e c t i o n  f e e d e r ,  
t h e  l a t t e r  b e i n g  f o r  a  m o r e  r e a l i s t i c  
s o u r c e  r e p r e s e n t a t i o n .
( e )  F o r m u l a t i o n  o f  t h e  s t a n d a r d  m a t r i x  a r r a y ,
193.
w h i c h  i s  t h e n  u s e d  f o r  t h e  f o l l o w i n g
s t e p s  :
( 1 )  C a l c u l a t i o n  o f  t h e  p o s t - f a u l t  c u r r e n t  
a n d  v o l t a g e  w a v e f o r m s  a t  d i f f e r e n t  
p o i n t s  a l o n g  t h e  l i n e ,  e g  t h e  
r e l a y i n g  p o i n t .
( 2 )  E v a l u a t i n g  t h e  v o l t a g e  w a v e f o r m s  
a c r o s s  c a p a c i t o r s  t o  d e t e r m i n e  t h e  t i m e  
a t  w h i c h  t h e s e  v o l t a g e s  r e a c h  t h e  
p r e s e t  t h r e s h o l d  v a l u e .
( 3 )  S i m u l a t i n g  t h e  s h o r t i n g  o u t  o f  a n y  
c a p a c i t o r s  a n d  r e c a l c u l a t i n g  t h e  n e w  
c u r r e n t  a n d  v o l t a g e  w a v e f o r m s  a t  
a l l  p o i n t s  o f  i n t e r e s t .
( 4 )  I n  t h e  c a s e  o f  s i n g l e  p o l e  a u t o r e c l o ­
s u r e  s t u d i e s :
( i )  D e t e r m i n i n g  t h e  p o l e  o p e n i n g
t i m e s  f o l l o w i n g  b r e a k e r  c o n t a c t  
s e p a r a t i o n  t i m e  ( a t  t h e  f i r s t  
z e r o  c u r r e n t  c r o s s i n g )  t h e n  
s i m u l a t i n g  t h e  o p e n i n g  o f  t h e  
b r e a k e r s  a n d  r e - e v a l u a t i n g  t h e  
c u r r e n t s  a n d  v o l t a g e s .
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( i i )  S i m u l a t i n g  f a u l t  b r e a k - o f f ,
c a p a c i t o r  r e i n s e r t i o n  a n d  l i n e  
r e c l o s u r e s  r e s p e c t i v e l y  a n d  
r e c a l c u l a t i n g  t h e  n e w  c u r r e n t  
a n d  v o l t a g e  w a v e f o r m s  a g a i n  
a t  a l l  p o i n t s  o f  i n t e r e s t .
T h e  c i r c u i t  c o n f i g u r a t i o n  i s  s h o w n  i n  C h a p t e r  4 ,
w h i c h  a l s o  i n c l u d e s  t h e  v a r i o u s  p o w e r  f r e q u e n c y  s y s t e m  
p a r a m e t e r s  s u c h  a s  t h e  l i n e ,  s e r i e s  c a p a c i t o r  b a n k  
( i n c l u d i n g  t h e  t h r e s h o l d  v o l t a g e  f o r  v a r i o u s  c a p a c i t o r  
l o c a t i o n s ) , s h u n t  r e a c t o r  b a n k  a n d  t h e  p a r a m e t e r  f o r
t h e  v a r i o u s  p r o t e c t i o n  s c h e m e s  u s e d .
T h e  s i m u l a t i o n  m e t h o d s  d e v e l o p e d  i n  C h a p t e r s  2  
a n d  3 ,  t o g e t h e r  w i t h  t h e  s y s t e m  p a r a m e t e r s  i n  C h a p t e r  4  
h a v e  b e e n  u s e d  t o  s t u d y  t h e  f o l l o w i n g :
( 1 )  E f f e c t  o f  s e r i e s  c o m p e n s a t i o n  o n  t h e  r e l a y i n g  
p o i n t  p r i m a r y  s y s t e m  r e s p o n s e s  f o r  b o t h  
s i n g l e  a n d  m u l t i - s e c t i o n  f e e d e r s  ( b o t h  h a v i n g  
s h u n t  c o m p e n s a t i o n ) .
( 2 )  O v e r v o l t a g e  p h e n o m e n a  a c r o s s  t h e  c a p a c i t o r s  
a n d  a t  t h e  r e l a y i n g  p o i n t  d u r i n g  v a r i o u s  
f a u l t  c o n d i t i o n s .
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( 3 )  P r e d i c t i n g  t h e  t r a n s i e n t  b e h a v i o u r  o f  
s e r i e s  c o m p e n s a t e d  l i n e s ,  w i t h  s p a r k  g a p
i n  o p e r a t i o n ,  w h e n  s u b j e c t e d  t o  s i n g l e  p o l e  
s w i t c h i n g .
( 4 )  E x a m i n i n g  t h e  p e r f o r m a n c e  o f  t h e  c r o s s ­
p o l a r i s e d  m h o  r e l a y s ,  a s  a p p l i e d  t o  a  s e r i e s  
c o m p e n s a t e d  l i n e  w i t h  s i n g l e  s p a r k  g a p  s c h e m e ,  
b o t h  i n  t h e  i n d e p e n d e n t  a n d  d e p e n d e n t  m o d e s  
o f  o p e r a t i o n  u s i n g  t h e  w e l l - k n o w n  b l o c k  
a v e r a g e  p r i n c i p l e ^  a n d  c o m p a r i n g  i t s  
p e r f o r m a n c e  w i t h  a  r e l a t i v e l y  n e w  d i s t a n c e  
s c h e m e  b a s e d  o n  t h e  s e q u e n c e  c o m p a r a t o r  
p r i n c i p l e  .
T h e  c o m p u t a t i o n a l  r e s u l t s  p r e s e n t e d  i n  C h a p t e r s  
5 - 8  c o v e r  t h e  a f o r e m e n t i o n e d  e f f e c t s  a n d  t h e  c o n c l u ­
s i o n s  a r e  a s  g i v e n  b e l o w .
T h e  e f f e c t  o f  s e r i e s  c o m p e n s a t i o n  o n  p r i m a r y  
s y s t e m  r e s p o n s e s  i s  e x a m i n e d  i n  C h a p t e r  5  a n d  t h e  
f o l l o w i n g  g e n e r a l  c o n c l u s i o n s  c a n  b e  d r a w n  f r o m  i t .
( 1 )  I n  a  s e r i e s  c o m p e n s a t e d  s y s t e m ,  h i g h
f r e q u e n c y  r e f l e c t i o n  c o m p o n e n t s  p a s s  t h r o u g h  
t h e  c a p a c i t o r s  v i r t u a l l y  u n c h a n g e d ,  w h e r e a s  
l o w  f r e q u e n c y  c o m p o n e n t s ,  p r e d o m i n a n t l y  a t  
p o w e r  f r e q u e n c y ,  a r e  r e f l e c t e d .  A s  s u c h
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t h e  v o l t a g e  a n d  c u r r e n t  w a v e f o r m s  a r e  
i d e n t i c a l  i n  s h a p e  t o  t h e  s y s t e m  w i t h o u t  
s e r i e s  c o m p e n s a t i o n ,  e x c e p t  f o r  t h e  a c t u a l  
m a g n i t u d e s  o f  t h e  f a u l t e d  p h a s e  v o l t a g e s  
a n d  c u r r e n t s .  T h e  f a u l t e d  p h a s e  v o l t a g e s  
a r e  r e d u c e d  i n  m a g n i t u d e  a n d  t h e  c o r r e s p o n ­
d i n g  p h a s e  c u r r e n t s  i n c r e a s e d  w i t h  a n  
i n c r e a s e  i n  t h e  d e g r e e  o f  s e r i e s  c o m p e n s a ­
t i o n .
( 2 )  S t u d i e s  a s s o c i a t e d  w i t h  f a u l t s  o n  s e r i e s  
c o m p e n s a t e d  s y s t e m s  f o r  b o t h  s i n g l e  a n d  
m u l t i - s e c t i o n  f e e d e r s  s h o w  t h a t  t h e  t r a v e l ­
l i n g  w a v e  d i s t o r t i o n  i n  v o l t a g e  a n d  c u r r e n t  
w a v e f o r m s  i s  s i g n i f i c a n t l y  a f f e c t e d  b y  t h e  
s o u r c e  s i d e  n e t w o r k s .  F o r  e x a m p l e ,  i n  t h e  
c a s e  o f  s i m p l e  a n d  m u l t i - f e e d e r  m o d e l s ,  a  
l a r g e  s e n d i n g  e n d  s o u r c e  c a p a c i t y  r e s u l t s  
i n t o  m u c h  s m o o t h e r  w a v e f o r m s ,  v o l t a g e s  i n  
p a r t i c u l a r ,  t h a n  t h e  o n e s  f r o m  t h e  s m a l l e r  
s e n d i n g  e n d  s o u r c e s ,  t h e  l a t t e r  h a v i n g  
c o n s i d e r a b l e  w a v e f o r m  d i s t o r t i o n .  F a u l t s  
w h i c h  o c c u r  n e a r  v o l t a g e  z e r o  i n  t h e  
f a u l t e d  p h a s e  d o  n o t  c a u s e  a  s u d d e n  c h a n g e  
i n  v o l t a g e  l e v e l ,  a n d  t r a v e l l i n g  w a v e s  
a r e  t h e r e f o r e  m u c h  l e s s  p r o n o u n c e d .  I n  t h e  
c a s e  o f  p h a s e  f a u l t s ,  t h e  m u c h  l o w e r
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a t t e n u a t i o n  o f  t h e  a e r i a l  m o d e s  o f  p r o p a ­
g a t i o n  g i v e s  r i s e  t o  w a v e f o r m s  w h i c h  r e m a i n  
n o i s y  f o r  a  c o n s i d e r a b l e  t i m e  a f t e r  f a u l t  
i n c e p t i o n .  T h e s e  f i n d i n g s  a r e  v e r y  m u c h  i n  
l i n e  w i t h  t h e  r e p o r t e d  r e s u l t s  f o r  a n  
u n c o m p e n s a t e d  a n d  s h u n t  c o m p e n s a t e d
s y s t e m ' 3 4 ' 3 7 ' 7 0 ) .
( 3 )  F o r  i d e n t i c a l  f a u l t  c o n d i t i o n s ,  t h e  r e s u l t s  
a s s o c i a t e d  w i t h  m u l t i - s e c t i o n  f e e d e r  a r e  
s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h e  s i n g l e  
s e c t i o n  a r r a n g e m e n t ,  e s p e c i a l l y  t h e  c u r r e n t  
w a v e f o r m s  w h i c h  a r e  a p p a r e n t l y  m o r e  d i s t o r t e d  
i n  t h e  f o r m e r  c a s e .  T h i s  i s  s o  b e c a u s e  t h e  
t r a v e l l i n g  w a v e s  o f  c u r r e n t s  s e t  u p  o n  
f a u l t  i n c e p t i o n  p r o p a g a t e  t h r o u g h  d i f f e r e n t  
l i n e  s e c t i o n s  t o w a r d s  t h e  t e r m i n a t i n g  
n e t w o r k s  a n d  a r e  p a r t i a l l y  r e f l e c t e d  b y  t h e  
l a t t e r  b a c k  t o  t h e  f a u l t  p o i n t  t o  p r o d u c e  
v e r y  s i g n i f i c a n t  c u r r e n t  d i s t o r t i o n .  I n  
t h i s  p a r t i c u l a r  c a s e ,  b e c a u s e  o f  t h e  l o w e r  
f r e q u e n c y  d i s t o r t i o n ,  t h e  w a v e f o r m s  a r e  
n o t  o n l y  a f f e c t e d  i n  m a g n i t u d e ,  b u t  a l s o  
t h e  a c t u a l  p r o f i l e s  a r e  s l i g h t l y  d i f f e r e n t  
f r o m  t h e  c o r r e s p o n d i n g  c a s e  f o r  a  s y s t e m  
w i t h o u t  s e r i e s  c o m p e n s a t i o n .
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( 4 )  V a r y i n g  t h e  a m o u n t  o f  c o m p e n s a t i o n  a n d  
l o c a t i o n  o f  c a p a c i t o r s  d o e s  n o t  s i g n i f i ­
c a n t l y  a f f e c t  t h e  p r o f i l e  o f  t h e  p r i m a r y  
s y s t e m  w a v e f o r m s ,  h o w e v e r  t h e  m a g n i t u d e  
o f  t h e  f a u l t e d  p h a s e  c u r r e n t  w a v e f o r m s  
i n c r e a s e s  w i t h  a n  i n c r e a s e  i n  t h e  d e g r e e  
o f  s e r i e s  c o m p e n s a t i o n .
( 5 )  T h e  e f f e c t s  o f  t h e  a f o r e m e n t i o n e d  f a c t o r s  
a r e  a l s o  a p p l i c a b l e  t o  s y s t e m  r e s p o n s e s
a t  a n y  o t h e r  p o i n t  o f  o b s e r v a t i o n .
T h e  o v e r v o l t a g e  p h e n o m e n a  a c r o s s  t h e  c a p a c i t o r  
b a n k s  a n d  t h e  p o s s i b l e  o v e r v o l t a g e s  d u e  t o  f a u l t  
i n c e p t i o n  a t  t h e  r e l a y i n g  p o i n t  a r e  d i g i t a l l y  e v a l u a t e d  
i n  C h a p t e r  6 .  T h e  r e s u l t s  p r e s e n t e d  i n  t h i s  C h a p t e r  
s h o w  t h a t  :
( 1 )  D e p e n d i n g  o n  t h e  s y s t e m  c o n f i g u r a t i o n  a n d  
f a u l t  c o n d i t i o n s ,  t h e r e  c a n  b e  a  w i d e  
v a r i a t i o n  i n  t h e  a c t u a l  m a g n i t u d e s  o f  t h e  
o v e r v o l t a g e s  a c r o s s  t h e  c a p a c i t o r s .
( 2 )  O n  a  s i n g l e  s e c t i o n  f e e d e r  w i t h  s i m p l e  
s o u r c e s  o n  e a c h  s i d e ,  i r r e s p e c t i v e  o f  
f a u l t  p o s i t i o n ,  t h e  a m o u n t  o f  c o m p e n s a t i o n  
a n d  c a p a c i t o r  l o c a t i o n ,  t h e  c a p a c i t o r  
p r o t e c t i v e  g a p s  o p e r a t e  f o r  a  m a j o r i t y  o f
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f a u l t  c o n d i t i o n s .  H o w e v e r ,  i n  t h e  c a s e  o f  
t h e  m u l t i - s e c t i o n  f e e d e r ,  t h e  b e h a v i o u r  o f  
t h e  c a p a c i t o r  p r o t e c t i v e  g a p s  i s  v e r y  r a n d o m  
i n  n a t u r e  a n d  d e p e n d s  o n  f a u l t  p o s i t i o n ,  
c a p a c i t o r  l o c a t i o n ,  a m o u n t  o f  c o m p e n s a t i o n ,  
g a p  s e t t i n g ,  e t c .  A l s o ,  f o r  b o t h  t h e  f e e d e r  
a r r a n g e m e n t s ,  w h e n  a  c a p a c i t o r  ( o r  c a p a c i t o r s )  
f l a s h e s  o v e r  i t  d o e s  s o  o n l y  o n  t h e  f a u l t e d  
p h a s e  a n d  w i t h i n  a  t i m e  i n t e r v a l  o f  o n e  
c y c l e  a f t e r  f a u l t  i n c e p t i o n ,  i n  t h e  m a j o r i t y  
o f  c a s e s .  A  p o i n t  t o  n o t e  i s  t h a t  i n  t h e  
c a s e  o f  a  s y s t e m  e m p l o y i n g  t w o  c a p a c i t o r s  
p e r  p h a s e  b o t h  t h e  f a u l t e d  p h a s e  c a p a c i t o r s  
f l a s h  o v e r  i n  t h e  c a s e  o f  a  s i n g l e  s e c t i o n  
f e e d e r ,  w h e r e a s  i n  t h e  m u l t i - s e c t i o n  a r r a n g e ­
m e n t  i t  c a n  b e  e i t h e r  o n e  o r  n o n e .  T h e  
v o l t a g e s  d e t e c t e d  a c r o s s  t h e  h e a l t h y  p h a s e  
c a p a c i t o r s ,  o n  f a u l t  i n c e p t i o n ,  a r e  u p  t o  
a  m a x i m u m  o f  0 . 5  p . u .  f o r  t h e  f a u l t  
c o n d i t i o n s  s t u d i e d .
( 3 )  I n  t h e  t w o  s y s t e m s  c o n s i d e r e d ,  t h e  m a x i m u m  
o v e r v o l t a g e  o b s e r v e d  a t  t h e  r e l a y i n g  p o i n t  
i s  a b o u t  1 . 4 1  p . u . ,  w h i c h  i s  f o r  t h e  p h a s e -  
t o - p h a s e  f a u l t ,  t h i s  b e i n g  f o r  a  s i n g l e  
s e c t i o n  f e e d e r  w i t h  a  s i n g l e  c a p a c i t o r  
l o c a t e d  a t  t h e  m i d - p o i n t .  T h e  o v e r v o l t a g e
2 0 0 .
h e r e  i s  s i g n i f i c a n t l y  l e s s  t h a n  t h a t
p r o d u c e d  f o r  t h e  c o r r e s p o n d i n g  c a s e
w i t h o u t  s e r i e s  c o m p e n s a t i o n ^ .  W h e r e a s
t h e  s i n g l e - p h a s e - t o - e a r t h  f a u l t  p r o d u c e d
a  m a x i m u m  o v e r v o l t a g e  o f  a b o u t  1 . 3  p . u .
T h e s e  f i n d i n g s  a r e  i n  a g r e e m e n t  w i t h  t h e
f a u l t  i n d u c e d  o v e r v o l t a g e  p r e d i c t e d  b y  o t h e r  
( 7 9  9 2 )
a u t h o r s  '  ,  a s  a p p l i e d  t o  s e r i e s
c o m p e n s a t e d  l i n e s .
E v a l u a t i o n  o f  t h e  p r i m a r y  s y s t e m  w a v e f o r m s  
a s s o c i a t e d  w i t h  s i n g l e  p o l e  a u t o r e c l o s u r e  s e q u e n c e s  
i s  p r e s e n t e d  i n  C h a p t e r  7 .  A g a i n ,  t h e  t w o  d i f f e r e n t  
s y s t e m  c o n f i g u r a t i o n s  h a v e  b e e n  c o n s i d e r e d .  A s  
t h e r e  a r e  n o  f i e l d  t e s t  r e s u l t s  a v a i l a b l e ,  e s p e c i a l l y  
f o r  t h e  r e a l i s t i c  m u l t i - s e c t i o n  m o d e l ,  t h e  r e s u l t s  f o r  
t h e  s i n g l e  s e c t i o n  f e e d e r  a r r a n g e m e n t  h a v e  b e e n  u s e d  
a s  a  b a s i s  f o r  c o m p a r i s o n .  T h e  d i g i t a l  c o m p u t e r  
r e s u l t s  p r e s e n t e d  i n  t h i s  C h a p t e r  r e v e a l  t h e  f o l l o w i n g :
( 1 )  O n  f a u l t  i n c e p t i o n  t h e  r i n g i n g  e f f e c t s ,
p a r t i c u l a r l y  i n  t h e  f a u l t e d  p h a s e  r e l a y i n g  
p o i n t  c u r r e n t  w a v e f o r m s  d u e  t o  t h e  r e s o n a n c e  
b e t w e e n  t h e  l i n e  i n d u c t a n c e  a n d  t h e  
c a p a c i t o r  b a n k s ,  a r e  c l e a r l y  o b s e r v e d  i n  
b o t h  t h e  s i n g l e  a n d  m u l t i - s e c t i o n  f e e d e r  
s y s t e m s .
2 0 1  .
( 2 )  I n  t h e  s i n g l e  s e c t i o n  f e e d e r  a r r a n g e m e n t  
t h e  s h o r t i n g  o u t  o f  t h e  f a u l t e d  p h a s e  
c a p a c i t o r / c a p a c i t o r s  p r o d u c e s  a  s l i g h t  
d i s t o r t i o n  i n  t h e  f a u l t e d  p h a s e  r e l a y i n g  
p o i n t  v o l t a g e  w a v e f o r m s ,  w h e r e a s  t h e  
r e i n s e r t i o n  o f  c a p a c i t o r / c a p a c i t o r s  d o e s  
n o t  p r o d u c e  s i g n i f i c a n t  c h a n g e s  i n  t h e  
r e l a y i n g  p o i n t  v o l t a g e s  a n d  c u r r e n t s .
A l s o ,  f o r  s u c h  a  f e e d e r  s y s t e m ,  t h e  
s o u n d - p h a s e  c u r r e n t s  r e m a i n  s m a l l  i n  
m a g n i t u d e  o n  o p e n i n g  t h e  l i n e  b r e a k e r  p o l e s ,  
w h i c h  a l s o  r e s u l t s  i n  h i g h  f r e q u e n c y  
t r a n s i e n t s  b e i n g  s e t  u p  p a r t i c u l a r l y  o n  
t h e  f a u l t e d  p h a s e  v o l t a g e  a n d  t h e s e  
g r a d u a l l y  r i n g  d o w n  t o  a l m o s t  z e r o  u n t i l  
f a u l t  b r e a k - o f f .  T h e r e a f t e r  a  n e a r  p o w e r  
f r e q u e n c y  v o l t a g e  i s  i n d u c e d  i n  t h e  
f a u l t e d  p h a s e  d u e  t o  t h e  c a p a c i t i v e  a n d  
i n d u c t i v e  c o u p l i n g  w i t h  t h e  h e a l t h y  p h a s e s .  
I t  h a s  b e e n  f o u n d  t h a t  f o r  t h e  f a u l t  
c o n d i t i o n s  s t u d i e d ,  i n  t h e  m a j o r i t y  o f  
c a s e s  t h e  m a g n i t u d e  o f  t h i s  i n d u c e d  
v o l t a g e  r e m a i n s  b e l o w  t h e  r e s t r i k e  v o l t a g e  
o f  7 0  k V  p e a k .  A g a i n ,  l i n e  r e c l o s u r e s  
p r o d u c e  s i g n i f i c a n t  a m o u n t  o f  h i g h  f r e ­
q u e n c y  r e c l o s i n g  t r a n s i e n t s  a n d  n o r m a l  
s t e a d y  s t a t e  v o l t a g e  a c r o s s  a l l  c a p a c i t o r s  
a r e  o b s e r v e d .
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( 3 )  I n  t h e  c a s e  o f  t h e  m u l t i - s e c t i o n  f e e d e r ,  
a g a i n  t h e  r a n d o m  n a t u r e  o f  t h e  c a p a c i t o r  
f l a s h o v e r  h a s  c l e a r l y  e m e r g e d .  F o r  t h e  
f a u l t  c o n d i t i o n s  s t u d i e d  a n d  w i t h  a  
c a p a c i t o r  a t  e a c h  e n d ,  o n l y  t h e  r e c e i v i n g  
e n d  f a u l t e d  p h a s e  c a p a c i t o r  f l a s h e s  o v e r ,  
w h e r e a s  f o r  c a p a c i t o r  a t  m i d - p o i n t  n o n e  o f  
t h e m  d o  s o .  T h e  s h o r t i n g  o u t  o f  t h e  
r e c e i v i n g  e n d  c a p a c i t o r  p r o d u c e s  a  s l i g h t  
d i s t o r t i o n  o n  t h e  r e c e i v i n g  e n d  r e l a y i n g  
p o i n t  v o l t a g e  w a v e f o r m s ,  w h e r e a s  t h e  r e i n ­
s e r t i o n  o f  t h e  c a p a c i t o r s  d o e s  n o t  s i g n i f i ­
c a n t l y  a f f e c t  t h e  w a v e f o r m s .  A l s o ,  f o r  
s u c h  f e e d e r  s y s t e m  ,  o n  c u r r e n t  i n t e r r u p t i o n  
t h e  f a u l t e d  p h a s e  v o l t a g e s  r i n g  d o w n  
u n t i l  f a u l t  b r e a k - o f f .  I n  t h e  c a s e  o f  a  
c a p a c i t o r  a t  e a c h  e n d  a n d  f a u l t  a t  m i d ­
p o i n t ,  t h e  s e n d i n g  e n d  v o l t a g e  r i n g s  d o w n  
t o  a l m o s t  a  s t e a d y  d . c .  l e v e l ,  w h e r e a s  t h e  
r e c e i v i n g  e n d  v o l t a g e  r i n g s  d o w n  t o  a l m o s t  
z e r o  l e v e l .  A s  i n  t h e  s i m p l e  s o u r c e  c a s e ,  
t h e  f a u l t  b r e a k - o f f  a g a i n  c a u s e s  a  n e a r  
s i n e  w a v e  v o l t a g e  t o  b e  i n d u c e d  i n  t h e  
f a u l t e d  p h a s e .  A  p o i n t  t o  n o t e  h e r e  i s  t h a t  
i n  t h e  m u l t i - s e c t i o n  f e e d e r  f o r  c e r t a i n  
f a u l t  c o n d i t i o n s ,  e s p e c i a l l y  f o r  a  f a u l t  
a t  t h e  r e c e i v i n g  e n d ,  t h e  f a u l t e d  p h a s e
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r e c e i v i n g  e n d  r e l a y i n g  p o i n t  v o l t a g e ,  w h i c h  i s  a l s o
t h e  f a u l t  p o i n t  v o l t a g e ,  r e a c h e s  a  p e a k
v a l u e  o f  a b o u t  1 4 5  k V  w h i c h  i s  w e l l  a b o v e
t h e  p e r m i s s i v e  r e s t r i k e  v o l t a g e .  A g a i n ,
l i n e  r e c l o s u r e s  p r o d u c e  n o r m a l  s t e a d y
s t a t e  v o l t a g e s  a c r o s s  t h e  h e a l t h y  p h a s e
c a p a c i t o r s ,  w h e r e a s  t h e  f a u l t e d  p h a s e
c a p a c i t o r / c a p a c i t o r s  a r e  c o n s i d e r a b l y
d i s t o r t e d ,  i n  p a r t i c u l a r  w h e n  t h e  c a p a c i t o r
i s  l o c a t e d  a t  t h e  m i d - p o i n t  -  t h e  v o l t a g e
a c r o s s  i t  r i s e s  t o  a b o u t  2 . 0  p . u .
I t  i s  w o r t h  m e n t i o n i n g  h e r e  t h a t  w h e n  s i n g l e  p o l e  
a u t o r e c l o s u r e  t e c h n i q u e s  a r e  a p p l i e d  t o  a  s e r i e s  
c o m p e n s a t e d  l i n e  w i t h  s h u n t  r e a c t o r s  f o r  s e c o n d a r y  
a r c  e x t i n c t i o n ,  t h e  p r e s e n c e  o f  t h e  s e r i e s  c a p a c i t o r  h a s  
a  d e t u n i n g  e f f e c t  a n d  t h e r e f o r e  h i n d e r s  t h e  s u p p r e s s i o n  
o f  t h e  s e c o n d a r y  a r c  t o  a  c e r t a i n  e x t e n t .  T h i s  i s  
p a r t i c u l a r l y  s o  i f  t h e  c a p a c i t o r  s p a r k  g a p s  f a i l  t o  
o p e r a t e  f o r  c e r t a i n  f a u l t  c o n d i t i o n s .  S u c h  a  d i f f i c u l t y  
w a s  e n c o u n t e r e d  d u r i n g  t h e  c o u r s e  o f  t h i s  w o r k .  O n e
w a y  o f  o v e r c o m i n g  t h i s  p r o b l e m  i s  t o  s e t  t h e  c a p a c i t o r
s p a r k  g a p s  s u f f i c i e n t l y  l o w  i n  o r d e r  t o  e n s u r e  t h a t  
t h e  c a p a c i t o r , p a r t i c u l a r l y  o n  t h e  f a u l t e d  p h a s e , d o e s  
f l a s h o v e r  o n  f a u l t  i n c e p t i o n .
T h e  d e t a i l e d  p e r f o r m a n c e  o f  t h e  c r o s s - p o l a r i s e d
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m h o  r e l a y s  w i t h  d i f f e r e n t  p o l a r i s i n g  q u a n t i t i e s  a s  
a p p l i e d  t o  s e r i e s  c o m p e n s a t e d  l i n e  w i t h  s i n g l e  s p a r k  
g a p  s c h e m e ,  b o t h  i n  t h e  i n d e p e n d e n t  a n d  d e p e n d e n t  m o d e s  
o f  o p e r a t i o n ,  u s i n g  t h e  w e l l - k n o w n  b l o c k  a v e r a g e  
p r i n c i p l e a n d  c o m p a r i n g  i t s  p e r f o r m a n c e  w i t h  a  
r e l a t i v e l y  n e w  d i s t a n c e  s c h e m e  b a s e d  o n  t h e  s e q u e n c e  
c o m p a r a t o r  p r i n c i p l e ^  i s  d i g i t a l l y  e v a l u a t e d  i n  
C h a p t e r  8 .  T h e  c o m p u t a t i o n a l  r e s u l t s  p r e s e n t e d  i n  
t h i s  C h a p t e r  e x a m i n e  t h e  p e r f o r m a n c e  o f  t h e  t w o  t y p e s  
o f  d i s t a n c e  p r o t e c t i o n  r e l a y  a s  a p p l i e d  t o  b o t h  s i n g l e  
a n d  m u l t i - s e c t i o n  f e e d e r s .  T h e  r e s u l t s  p r e s e n t e d  a r e  
f o r  t w o  s c h e m e s ,  o n e  e m p l o y i n g  t w o  c a p a c i t o r s  p e r  
p h a s e  ( o n e  a t  e a c h  e n d )  a n d  t h e  o t h e r  i n  w h i c h  t h e r e  
i s  a  s i n g l e  c a p a c i t o r  i n  t h e  m i d d l e ,  t h e  f o r m e r  h a v i n g  
a  f i x e d  c o m p e n s a t i o n  o f  7 0 %  a n d  t h e  l a t t e r  f o r  3 0 %  a n d  
5 0 %  c o m p e n s a t i o n .  R e l a y  p e r f o r m a n c e  i n  t e r m s  o f  
m e a s u r e m e n t  a c c u r a c y  a n d  s p e e d  o f  o p e r a t i o n  u n d e r  
d i f f e r e n t  f a u l t  c o n d i t i o n s  i s  d e s c r i b e d .  T h e  f o l l o w i n g  
c o n c l u s i o n s  c a n  b e  d r a w n  f r o m  t h e s e  s t u d i e s :
( 1 )  I n  t h e  c a s e  o f  t h e  s i n g l e - s e c t i o n  f e e d e r  
a n d a c a p a c i t o r  a t  e a c h  e n d ,  b o t h  t h e  
b l o c k  a v e r a g e  a n d  s e q u e n c e  c o m p a r a t o r  r e l a y s ,  
w i t h  r e l a y  s e t t i n g  a s s u m i n g  c a p a c i t o r  i s  i n  
t h e  c i r c u i t ,  u n d e r r e a c h  c o n s i d e r a b l y  ( a b o u t  
5 0  a n d  6 0 %  r e s p e c t i v e l y )  f o r  v o l t a g e  m a x i m u m  
f a u l t s  d u e  t o  t h e  c a p a c i t o r  s p a r k  g a p
205.
operation. Whereas, for identical fault 
conditions and with relay set without the 
capacitors in the circuit, the underreaching 
effects are considerably reduced (about 10% 
underreach for block average arrangement 
and the sequence comparator relay overreaches 
by about 2%). However, when the capacitor 
is located at the mid-point and 30% 
compensation is used, there is anunderreaching 
of about 40% (relay setting assumes capacitor 
is in the circuit) for both the block average 
and sequence comparator arrangements. Also, 
when the relays are set without the capacitors 
in the circuit the underreaching is reduced 
to about 3% for the two cases. In both 
cases, the sequence comparator has a better 
performance in terms of operating times and 
relay reach than the block average arrange­
ment. As regards the voltage minimum faults, 
again results have shown that faulted phase 
capacitors flashover for a majority of fault 
positions and this means that if the relays 
are set with the capacitor in the circuit, 
then like the corresponding case for voltage 
maximum faults, a considerable amount of 
underreaching is produced, for both types of 
relays. However, when the relays are set
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without the capacitors in the circuit, then 
unlike the case of voltage maximum faults 
the block average has a slightly better 
performance in terms of speed and relay reach, 
than the sequence comparator relays.
(2) In the case of the multi-section feeder
when a capacitor is located at each end 
and for voltage maximum faults (relay set 
with capacitor in the circuit), both the 
relays at end S shown an underreach of about 
25%. As regards the block average relay at 
end R, it operates for faults up to about 
44% of the line, restrains for faults up to
about 65% of the line and then operates again
for a very narrow region of about 5 km. 
However, in the case of the sequence compara­
tor at end R, the relay operates for faults 
up to about 52% and unlike the block average 
relay, does not show the narrow band of 
operation. When the relay setting is
changed assuming no capacitors in the
circuit, both the relays overreach substan­
tially.
For voltage minimum faults, with relay 
setting assuming capacitor is in the circuit.
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substantial amount of underreaching is 
again observed, whereas with relay setting 
assuming no capacitors in the circuit, 
underreaching is about 4% and 12% for block 
average and sequence comparator relay respec­
tively. Again, like the corresponding case 
for the simple source model, the block 
average has an overall better performance 
than the sequence comparator.
Again with a single capacitor at mid-point and 
30% compensation the block average and 
sequence comparator relays, for voltage 
maximum faults, assuming capacitor is in the 
circuit, operates up to about 45% of the 
line, restrains for a narrow band of about 
8 km, and then operates again for faults up 
to about 67% of the line. However, the 
responses of both relays at end R are differ­
ent. In this case, the block average relay 
operates up to about 47% of the line, 
restrains for faults up to about 62% of the 
line and then operates again for a narrow 
band of 15 km. Whereas, the sequence compara­
tor operates up to about 47% of the line, 
restrains for a narrow band of about 8 km 
and then operates up to about 58% of the
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line. When the degree of compensation is 
increased to 50%, the band of no-operation 
increases considerably. Whereas when the 
relays are set without the capacitors in 
the circuit, both relays tend to overreach.
(3) When choosing the dependent mode of operation, 
the permissive overreach scheme gives 100% 
coverage. In this type of scheme the two 
relays at line ends are interdependent, hence 
the responses, particularly the scheme 
employing the block average relay vary a lot 
from one fault position to the other. The 
scheme employing sequence comparator relay 
has an operating time of about 1 cycle for 
the majority of fault positions, except for 
faults close to the remote end where the 
operating times are quite different. However, 
for a capacitor at the mid-point and 30% 
series compensation the operating times of 
the scheme employing both the block average 
and the sequence comparator relays vary a 
lot from one fault position to the other, 
especially for faults close to the two busbars 
Changing the amount of compensation to 50%, 
the response of the relays are similar to 
those for the case where a capacitor is
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located at each end with 70% compensation.
In general it can be said that using 
such a scheme the location of the capacitor 
and degree of compensation do not seriously 
affect relay responses. However, faults 
close to the line ends, especially for the 
end R scheme, have longer operating times 
due to the faulted phase capacitor/capacitors 
not flashing over.
(4) The blocking scheme has a superior response
than the permissive overreach scheme, in terms 
of operating times. Also, both the sending 
and receiving end relays have similar 
operating times.
In general it can be said that the blocking 
scheme (for both block average and sequence 
comparator relays) is less affected by the spark 
gap operation and not only a faster response, 
but also more uniformity as compared to the 
permissive overreach scheme is attained.
In general, it can be said that, for the independent 
mode of operation, the sequence comparator relay has a 
better performance in terms of both operating times and 
relay reach than the block average relay, particularly
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for voltage maximum faults. For the single section 
feeder, terminating in simple sources, satisfactory 
relay coverage is obtained by setting the relays, assuming 
no capacitors in the circuit. Whereas, when considering 
the more practical source side networks, ie the multi­
section feeder, the situation is quite different in 
that both types of relays tend to overreach considerably, 
when they are set without the capacitors in the circuit.
On the other hand, when they are set with the capacitors 
in the circuit, the opposite is observed, ie they tend 
to underreach considerably. However, the results quite 
clearly indicate that purely from a protection point of 
view it is desirable to have a single capacitor with 
a lower degree of compensation, but the economics of 
doing so are questionable. It should also be mentioned 
here that in all the results produced, the 10 per cent 
level of polarisation used in relay signal S 2 gives 
satisfactory coverage for all faults close to the 
busbar.
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When considering the dependent mode of operation, 
blocking scheme has a much superior response than the 
permissive overreach scheme,
this
being so for both the types of series compensated 
schemes considered, ie one utilising two capacitors per 
phase and the other with a single capacitor in the middle 
Again, in this mode of operation the one utilising the 
sequence comparator arrangement has an overall better 
performance in terms of operating times than the block 
average relay.
Finally, from the studies carried out so far, it 
can be said that the sequence comparator relay has only 
a slight overall advantage over the block average relay, 
when applied to a series compensated line, especially 
when considering a more practical system configuration, 
this being so in spite of the faster operating times 
associated with the former. This is so because in the 
majority of cases, especially when considering the 
independent mode of operation, the sequence comparator 
relay fails to operate before the capacitor spark gap
2 1 2 .
operation, and therefore loses some of the advantages 
over the block average relay.
9.2 Future Work
The work presented in this thesis forms the basis 
foi future investigation of series compensated e.h.\. 
and u.h.v. transmission systems for the purposes of 
further developing autoreclosure techniques and the 
present protective schemes if they prove inadequate for 
such applications.
Future work may therefore be carried out along 
the following lines;
(1) The universal admittance 'A' matrix described 
in Chapter 3 may be used as a reference to 
other future work in a similar field.
(2) In the multi-section feeder system fault 
inception has been carried out only on the 
second section feeder containing reactors and 
capacitors, whereas the same can be carried 
out on other line sections.
(3) In the present work, a single circuit three 
phase system has been considered. The 
present fault simulation techniques presented
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can be easily extended for studying the 
behaviour of a double circuit system.
(4) Overvoltages can occur on unfaulted lines in 
series compensated systems, following fault 
inception on other lines and subsequent 
bypassing of the series capacitor. Hence, 
this should be considered especially on 
systems involving double circuit lines.
(5) A single-line-to-ground-fault may lead to 
fault on other phases and hence the simulation 
of simultaneous fault could be considered.
(6) Only results for phase-to-earth and double 
phase faults have been shown in this thesis, 
the majority of which are for voltage maximum 
faults an d a U m i t e d  study for the voltage mini­
mum faults. However, the digital program
is very general and hence any other type of 
fault at voltage maximum or minimum can be 
considered.
(7) A time invariant arc resistance has been 
assumed throughout this work. However, for 
more realistic studies the non-linear nature 
of the arc resistance can be simulated.
(8) In this study the simple gap scheme is 
simulated. However, the dual gap scheme
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with lower gap setting as described in 
Chapter 2 is a future possibility. Moreover, 
repetitive flashing over of a particular 
capacitor has not been observed which could 
again be simulated,if such a case is found.
(9) The capacitors can be located anywhere on the 
line and between substations and various other 
levels of compensation can be considered. In 
this thesis as regards the multi-section 
feeder, the capacitor and reactor have been 
located in the second section feeder. The 
same can be placed in any other line sections 
and similar studies undertaken.
(10) Single pole autoreclosure studies have been 
confined to a total operating time of about 
6 cycles as opposed to a more practical time 
of about 30 cycles. In future such practical 
time should be used in order to reveal more 
accurate prediction of the system.
(11) In this thesis, single pole autoreclosure 
techniqueshave been utilised; similar studies 
in the future could involve three-pole 
autoreclosure techniques.
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(12) One of the most satisfactory alternatives 
for reducing the secondary arc current, is to 
use a reactor with suitable characteristics 
connected in parallel with the capacitor. 
Series capacitor banks are often provided 
with such a reactor across the terminal of 
the series capacitors to discharge the capa­
citor trapped charge when the capacitor is 
removed from the circuit. It is practical
to select the characteristic of this reactor 
so that a considerable portion of the low 
frequency current resulting from the trapped 
charge will flow on the capacitor. So, in 
future, such types of studies should be 
undertaken so as to further reduce the 
secondary arc current.
(13) In this thesis distance protection when 
applied to series compensated lines has been 
considered. The subject is far wider and 
hence it is strongly suggested to study 
every compensated system, especially before 
decisions are taken on the type and perfor­
mance of the relay.
(14) It is not uncommon to find series compensated 
lines utilising the phase comparison relays 
instead of distance protection, so to assess
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the performance of the former, similar 
studies can be undertaken.
(15) When the capacitors are located at either end 
of the line, it might be better to locate the 
relays on the line side of the capacitor,
so as to exclude the series capacitor from 
the protected zone and make the relay independent 
of capacitor flashover. Further studies in 
this connection would be very useful.
(16) The spark gap operation under fault conditions 
has a profound effect on the protection perfor­
mance. However, there is a clear indication 
that some of the Zone 1 protection problems 
described in Chapter 8 can be overcome by
replacing the conventional relays by the modern
(97 )ultra high speed protective relays , with 
operating time of about 2 to 4 ms.
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APPENDIX (Al) EVALUATION OF THE UNIVERSAL MATRIX
A 1 .1 Single-phase-to-earth fault
With reference to Figure 3.6 it can be seen 
that the voltage components and on
either side of the sending end breaker are given by 
equation A1.1.
^BSk ^BSk ^BASk ^ ”^S ^BSk ^BSk ' ' ' (A1 .1 )
Also, the transform of voltage on either side of the 
receiving end breaker is given by equation A1.2.
^BRk ” ^BRk " ^BARk " ^R ^BRk " ^BRk * * ' (A1.2)
Similarly, Ig^^^ is the frequency spectrum of current
source which arises due to the injection of voltage 
  TOB^Ska' which is equal to / e^j^exp (-jwt) d t . The
transforms of the current and voltage components 
d s k  f Vg^ , and , V^^ ) are known from equations
A1.3 to A1.6.
^Sk  ̂ ^SSk “^cap ^Sk * ’ * (A1.3)
^Rk  ̂ ^RRk “^cap ^Rk * * *
^Sk ^SSk ^Sk • • •
^RRk ^Rk ^Rk . . . (A1.6)
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The variation of the voltages and currents before 
the capacitors to that of the sending and receiving end 
of the line side busbars is defined by the canonical 
form of the two port or transfer matrix function in 








^SSk ^1 ^BASk ’ ®1 ^BSk
Substituting from equation A 1 .1 :
^SSk ^^I^S ®1^ ^BSk ^I^BSk
. . . (A1.7)
^BSk + ^I^BSk . . (A1.8)
where U = A^Zg + B^
(C^Zg + D^) Igg^ - C^Egg^
^BSk ” C^Egg^ . . (A1.9)
where T = C^Zg +
From equations A1.8 and A1.9 it can be seen that
®SSk = -"T'^îsk - (UT-1cT-A,)ËBgk • • • <^1-10)
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On substituting the value of Egg^ from equation 
A1.10 in equation A1.5, and the value of Ig^ from 
equation A1.3:
V g k  =  - " T ' ^ î g k  -  Ë g g ^  +  Ê g k  ;  .  .  ( A 1 . 1 1 )
=  - U T " ' ( I s S k - z ; I p  ® S k >  -  < O T " ' C l - A l ) S B S k  +  E g k
= -UT'^ïsSk + 1>Êsk - (UT"^Ci-A,)Êggk












6 R 6' BRk 6 BRk
^ ^BRk ” ^6 ^BRk (Al.14)
and similarly ^BARk " ^6 ^BRk
(^G^R ^6^^BRk CgEggj^
^ ^BRk ‘ Cg ^BRk (Al.15)
where Y = A^ Z_ + B^ and X = Z_ + .
D R 6  o  R b
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From equations AI.14 and AI.15 it can be seen that
. . . (A1.16)^RRk ^^Rk CgEggj^) -
On substituting the values of from equation A1.16
in equation A1.6 and the value of from equation
A1 .4
'^Rk = YX'^lRRk - + 1) Sat + (YX-1Cg-Ag)Eg2k
. . . (A1.17)
Now the voltage and current variation at the fault 
point are related to beyond the receiving and sending 
end capacitor quantities by the transfer matrices, 
equations A1.18 and A1.22
^FFk A 4 B 4 A 5 Bg '^Rk'






where ^45 ®45 A 4 ^5 ®5
C 45 ^45 C 4 C 5 Dg
. . (A1.18)
Substituting the value of 1^^ from equation A1.4 
in equation A1.18 and the value of from equation
A1.17.
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^FFk ^45 ^Rk  ̂ ^45 ^Rk
^45 ^Rk ®45 (^RRk " ^cap ^Rk^
(A45 + ®45 X?"^) + B45 XY"’ Ej^k
- B45 (Cg - XY-1 Ag) EgRk
”^Rk * ®45 XX Eĵ ĵ  - B^g(Cg - XY AglEgRk
. . . (A1.19)
Similarly, = C^g + D^g
= (C45 + 0^5 XY-1)Vak + D,gXY-1 E^^
- 045(^6 - XY-^Ag) Egak
= V VRk + °45 XX'1 Egk
”  °45 **"6 XX Ag) Egjy^
. . . (A1.20)
where W = + B^^XY  ̂ and V = C^g + D^^XY ^ .
From equations A1.19 and A1.20:
VpFk = WV'^^PRk - ("V"'°45 - ®45>XX''Eg^


















^32 ®32 _ ^3 ®3 A 2 «2
^32 ^32 _ / 3 °3 _ . ""2 °2 _
Again substituting the value of from equation
A1.3 in equation A1.22 and the value of from
equation A1.12
VFFk ^32 ^Sk " ®32 ^Sk
^32 ^Sk ” ®32 (^SSk " ^cap ^Sk^
= (A32 + B 32 TU-1) - Bg^TU-l Ëg^
®32 ™  ^1* ®BSk
= S Vgk - Bg^TU-lEgk + 8 3 2 (0  ̂ - TU-lA,)Eggk
. . . (A1.23)
and IFSk “^32 ^Sk ^32 ^Sk
-(C 3 2  + D32TU-1)Vg% + ^32'^^'%k
- °32<^1 - ÊBSk
-^^Sk + D32™''®Sk - 0 3 2 (0 ,-TU-lA,)Ëggk
. (AI.24)
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- 1 - 1where S = A 32 + B32 TU and R = C32 + D 32 TU
From equations Al.23 and Al.24:
Vppk = -SR'^IpSk + (SR-lD,, - B32,TU-lEgk
(Sa'lo,; - B32>(C, - TU-lA,)Egak
. . . (Al.25)
For a general earth fault
^FFk ^FFk ^F^FSRk * ' ' (Al.26)
From equations Al.21 and Al.25 a relationship with 
^FSRk (which is equal to Ipgj^ - I p ^ )  can be obtained 
and further with equation A1.26, a relationship in the 
form of equation A1.27 is known.
ïpSRk = -(RS-' . VW-1)VpFk + (D32 - RS"' B32)TU-lÊgk 
-(°45 - VW"TB,3)XY-lÊ2k - (D32-RSB32) *
(C, - TU-lA,)ÊBg% + (D45 - W'b^j) (Cg - XY-^Ag) .
^BRk
= -[1 + (RS'1 + VW"T)Rp]"T[(RS"1 + VM"1)Epp%
-(D32 - RS-lB32)TU-lEg% + (D45 - VW-^B^g) *
XY'^ÊRk + (D32 - RS'^B32)(C, - TU-lA,)Eggk 
-<045 - Vw"lB,g,(Cg - XY-lAg)Eg2k) . . . (AI.27)
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Moreover, the voltage and current variations beyond 
the receiving and sending end capacitors to that of the 
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S 4 B 54 ^FFk
C 54 D 54 _ “^FRk





Cg Dg C 4 D 4
Substituting the values of from equation A1.4 in
equation A1.28 and substituting the values of 1^^^ , 
and Ipgpk from equations A1.21, A1.26 and A1.27 
respectively, to obtain equation A1.29.
Rk ”^54^FFk ^54^FRk
RRk -C54VFFk + ° 5 4 ^ ' ^  '^FFk + " ®45> *
XY-^E,^k - - B,g)(Cg - XY-lAg)Ega( 1
^ ^cap ^Rk
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-(C54 - Dg^VW )(Epp% + Bplpgp]^)
+  0 5 4 ( 0 4 5  -  V W - l B j g I X Y - l Ê a ,  +  Z ; 2 p  Ê R k
-  0 5 4 ( 0 4 5  -  V W - ^ B ^ g ) ( C g  -  X Y - l A g ) Ë g 2 k
= -(Cg4 - D g ^ V W " ^ )  [1 -  R p ( 1  +(RS"1 +  V W “ ^ R p } " ^  *
(RS'1 + VW'()] Ëpp,^ - (Cg4 - Dg^w"'') *
Rp{1 + (RS"( + VW"()Rp}"((D32 - RS"(B32)TU"(Ëg%
+ [(Cg4 - DgjVW"()Rp(1 +(RS"( + VW"()Rp}“ ( *
(D45 - VW'lB^glXY-l + Dg4 (04g - VW"''B4g)XY"''
+  Z c a p ^  ( Ô R k  +  ( C 5 4  -  0 5 4 V W " ^ ' * F ( 1  +  ( B S ' ’ ^  V W " ' ' )  *
Rp}-''(032 - RS-''b 32)(C, - TÜ-(A,)Ëg3,^
- [(Cg4 - Dg4VW“ '')Rp{1 +(RS"1 + VW” '')Rp}” ' + Dg,] *













. . . (A1.30)
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where ^23 ®23 ^2 ®2 "  A 3 B 3
^23 °23 ^2 ^2 ^3 °3
Substituting the values of from equation A1.3
in equation A1.30 and subsequently substituting Ipgj^ , 
^FFk ^FSRk equation Al.25, A1.26 and A1.27
respectively to obtain equation A1.31.
^Sk ^23^FF1^ ̂ 3^FSk
Therefore
SSk 23 FFk 23 FFk 32 ""32 Sk
.  ( S R - ^ D 3 2  -  8 3 3 ) ( C ,  -  T U - l A , ) E B 3 k ]
* ^cap Ogk
( * ' 2 3  ”  O 2 3 B S  ) ( E p p %  +  Rp IpsRk*
+  0 2 3 ( 0 3 2  -  R S - l B 3 2 , T U - l Ë g k  +  z ; ( p  Ê g , ^
-  0 3 3 ( 8 3 2  -  R S - ' ' b 3 2 ) ( C , -  T U - ( A , ) E g g %
= (C23 - D23RS” () [1 - Rp(1 +(RS”  ̂ + VW“ ^)Rp}"^ *
(RS'1 + VW"()]Epp% + [(C 2 3  - D23RS"()Rp(1 +(RS” ' 
+ VW”()Rp}”((D 2 - RS”(b32)TU”(
+ 023(032 - RS-(b32)TU-( + z;2p]Ëg%
- (C2 3  - D 2 3 RS 1)Rp [1 +(RS ( + V W ” ()Rp] ( *
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(045 - VW-ls^glXY-lEa, - [(C23 - D 23RS-I) * 
Rp{1 +(RS"( + VW"1)Rp}"( + D 23I *
(O32 - KS-(b32)(C, - TU-(A,)Egsk
+ (C23 - D23RS” ()Rp{1 +(RS“ ( + VW"^)Rp}“  ̂ *
(O45 - VW-(B,g)(Cg - XY-(Ag)ËBpk
. . . (AI.31)
Substituting the value of Ig^ from equation A1.3 in 
equation A1.9 and subsequently the value of Igg^ from 
equation A1.31, to obtain equation A1.32.
^BSk ^ (^SSk ” ^cap ^sk * ^I^BSk*
= t"( (C23 - D23RS“ ()[1 - Rp{1 +(RS” ( + VW'^jRp}"^ *
(RS'1 + VMr1)]Ëpp^ + t “ ^((C23 - D23RS"1) *
Rp{1 +(RS"1 + V w " ^ ) R p } ” ^ ( D 3 2  - RS"(b32> TU"^
+ 033(032 - RS-lB32)TU-1]Eg% - T-((C23 -023*s"^' *
Rp[1 +(RS"( + V W " ( ) R p ] " 1 ( D , g  - V W"TB,g)Xy"( *
Epk - T ■ |[(C23 - D 23RS"()Rp(1 +|RS"( + V W " ’ ) *
Rp}-' + D 23K D 32 - RS"(b32)(C, - TU-Ia,) - C, J*
^BSk * ?"^(C33 - D23RS"T)Rp{1 +(RS"'' + VW”'')Rp}”' * 
(O45 - VW"^B,g)(Cg - XY-lAg)Eg2k . • . (AI.32)
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Substituting the value of from equation A1.4 in
equation A 1 .15 and subsequently the value of from
equation A1.29, to obtain equation A1.33.
^Rk ~ ^ B R k  ^6^BRk 
Therefore
^BRk " - Dg4VW"'')[1 - Rp(1 + (RS"'' + VW"'')Ep}'‘' *
(RS"1 + VW"()]Epp^ - x"((Cg4 - Dg,VW"'')Rp{1 + (RS"''
+ VW"()Rp)"((D32 - RS"(B32)TU"(Ëgk + x"’ [ (C54
- Dg4Vw"()Rp{1 +(RS"( + Vw"'')Rp}”’' (D,g - VW'^B^g) *
XY-'' + 0 5 4 (0,5 - VW-lB,5)XY-1]ÊRk + X-( (C54
- D 5,VW“ ^)Rp{1 +(RS"( + VW"'')Rp}”  ̂(D32 ' RS"’b32) *
(C, - TU-lA,)Eggk - X-1 [[(Cg, - Dg,VW-') *
Rp{1 +(RS"( + VMTl)Rp}"1+ 0541(045 - VW"''B4g) *
:] . . . (A1.33)
Hence, from equations A1.27, A1.31, A1.29, A1.32
and A1.33, the universal [A](15 x 15) admittance matrix
as shown in equation A1.34 is obtained. Depending upon
whether in a superimposed circuit the injected quantity
is a current or a voltage source, an impedance matrix
relation as shown in equation A1.35 is also made use of,
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Al . 2 Phase-to-phase fault
The techniques described in the previous section 
about the single-phase-to-earth fault can be employed 
in the analysis of other types of faults, viz, double- 
phase-to-earth faults and three-phase-to-earth faults. 
But the interphase faults not involving earth are best 
dealt with by considering the superimposed voltages 
between phases. Hence, with reference to Figure 3.7, 
it can be seen that:
^FSka “ ^FRka ^FSRka ^Fkab ^Fkca
^FSkb " ^FRkb ^FSRkb ^Fkbc “ ^Fkab
^FSkc " ^FRkc ^FSRkc ^Fkca ^Fkbc
(A1.36)
and
^FFka ^FFka ^F ^FSRka
^FFkb ^FFkb " ^F ^FSRkb
^FFkc ^FFkc ” ^F ^FSRkc * * * (A1.37)
When Rp = 0.0, equation A1.37 becomes
^FFka  ̂ ^FFka ' ^FFkb  ̂ ^FFkb ' ^FFkc  ̂ ^FFkc
. . . (A1.38)
On substituting equations A1.36 and A1.38 in
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o
tCN ro TT uo VD 00 (73 O (N ro UOC C d d d d d d d
t T d d d d d
TT . Tf Tf Tf
0 ^t— (N ro UO VD r - 00 03 O T— CN ro UO
C C d d d d d d d
d '” p T pT p T pT pT X
ro ro ro ro co ro ro ro ro en en ro en ro ro X•H
>
CM ro uo VD 00 <73 o CN ro uo
C g d d d d d d d d '" d " pT p T pT pT
X
d
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CM ro UO VD 00 (73 O CN ro 'T UO uo
C C d d d d d d d
c T d'” p T pT pT
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<
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d
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C C d d d d d d d d '” p T pT (T pT pT 0
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,— CN ro Tf uo D 00 (73 o %— CN ro uo 0
C C d d d d d d d d '" pT pT tT pT pT g
r~ r~ r" r - r~- r» r~ r~ <—<0
T— CN ro uo VD 00 <73 o T— CN ro uo '—'
c C d d d d d d d d '" pT pT pT pT p T O
D \D D D VD D VD VD D VD VD VD D \D D X
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CN ro TT uo D 00 03 o CN ro n* uo
c d d d d d d d d cT d ” pT p T (T pT X•H
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kl
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Again with reference to Figure 3.7, it can be seen 
that :
^FFka ” ^FFkb ^FFkab
^FFkb ” ^FFkc ^FFkbc
^FFkc ~ ^FFka ^FFkca " ' ' (A1.40)
and
^FFkab ^FFkab “ ^F ^Fkab
^FFkbc ^FFkbc ” ^F ^Fkbc
^FFkca ^ ^FFkca ” ^F ^Fkca ' ' ' (A1.41)
Using equation A1.40 in equation A1.39 and from 
the knowledge of equation A1.36, the relationship of 
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Let the impedance matrix of equation A1.42 be 
[Q]. Hence, equation A1.42 can be simplified as shown 
in equation A1.43, and rearranged to equation A1.44.
- - -
^FFkab [Q] ^Fkab Pi,i P i ,2 Pi,3
^FFkbc ^Fkbc P 2,1 P 2,2 ^2,3
^FFkca ^Fkca 93,1 P3,2 P3,3
^Ska ^SSka "4,1 "4,2 " 4,3
^Skb ^SSkb "5,1 "5,2 " 5,3
^Skc ^SSkc " 6,1 " 6,2 *6,3
^Rka ^RRka "7,1 " 7,2 " 7,3
—
^Rkb ^RRkb "8,1 "8,2 *8,3
^Rkc ^RRkc "9,1 " 9,2 ^9,3
^BSka ^BSka "10,1 " 10,2 " 10,3
^BSkb ^BSkb "11,1 "11 ,2 *11,3
^BSkc ^BSkc "12,1 " 12,2 *12,3
^BRka ^BRka "13,1 " 13,2 *13,3
^BRkb ^BRkb "l4,1 " 14,2 *14,3








^Fkab 91,2 91,3 9l,1
^Fkbc P2,2 92,3 92,1
^Fkca 93,2 93,3 93,1
^SSka "4,2 "4,3 "4,1
^SSkb "5,2 "5,3 "5,1
^SSkc "e,2 "e,3 "e,i
^RRka "7,2 "7,3 "7,1
^RRkb "8,2 "8,3 "8,1
^RRkc "9,2 "9,3 "9,1
^BSka "10,2 "10,3 "10,1
^BSkb "11,2 "11,3 " 11,1
^BSkc "12,2 "12,3 " 12,1
^BRka "13,2 "13,3 "13,1
^BRkb "14,2 "14,3 "14,1





Equation Al.41 is substituted in equation Al.44 to 
give equation Al.45.
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APPENDIX (A2) ANALYTICAL SOLUTION OF THE PRIMARY
SYSTEM RELAYING POINT QUANTITIES
A2.1
In order to verify the results of the primary 
system relaying point voltage and current obtained 
digitally in Chapter 5, the following approximate 
analytical solution is shown.
With reference to Figure A2.1(a) associated with 
a solid mid-point earth fault without series compensa­
tion, the fault loop impedance comprises of the self 
terms of the source and line impedances (ignoring the 
mutual effects).
^F " ^S1 ^ ^L1
= j25 + 150 (0.05430925 + jO.4269558)
= 8.14638 + j 89.04337 0
Therefore |1 ^ | = 4.56 kA.
The relaying point voltage is 
|Vp| = 408 - 4.56 (25)
= 294.0 kV
For identical fault condition andaseries capacitor 
located at each end, the fault loop impedance is (with 
reference to Figure A2.1(b));
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Zp = j 25 + 150 (0.05430925 + j 0.4269558) - j32.2 
= 8.14638 + j 56.84337
Therefore |I_ = 7.105 kA.r
Similarly, the relaying point voltage is 
IVpl = 408 - 7.105 (25)
= 230.38 kV.
The Laplace method can also be used to get the
relaying point current. Hence, with reference to
Figure A2.1(b), for a fault at voltage maximum
—  1 E COSwt = I (jwL + p; ) r J wU
or approximately ^ = 1^ (sL + -^ )
Therefore
(S^L + 1  )
408 X 10" ^
s ' (0.08 + 0.2033)+ ^
408 X 10"
0.2833s" + 10.116 X 10"
1440.169 X 10" 
s^ + 357.077 X 10"
1440.169 X 10" 
s^ + (188.965)"
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Therefore = 7.621 sin 188.965 t
6.176 kA (corresponding to fault 





Figure A 2 .1 Circuit for a mid-point solid 
earth fault
(a) without compensation
(b) with capacitor located near 
the terminating busbar
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APPENDIX (A3) RELAYING PARAMETERS EVALUATION
A3.1 Current (c.t.) and voltage (v.t.) transformer 
responses
In practice the primary system voltage and current 
signals are transduced before going into the mixing or 
comparator circuits. Because of the non-linearities 
associated with the c.ts and v.ts, the transient 
responses of such devices must be known. However, the 
burden of modern high-speed static comparators is such 
that non-linearities due to saturation, etc, can be 
avoided. The strategy adopted as regards the transducer
simulation in assessing relay performance here is the
same as that discussed in Reference 69, and which 
adequately serves the purpose.
A3.2 Replica impedance arrangements
It is common practice to place replica impedances 
in the secondary of the current transformers in order 
to generate the relaying signal as given by equations 
8.1 and 8.2. Two different types of arrangement have 





The transactor which is basically a transformer 
with a core having air gaps and is extensively used in 
protection equipment using the block average comparator 
arrangement and has a circuit as shown in Figure A3.1(a).
is a burden resistance so that neglecting the 
secondary winding reactance (which is relatively low 
because of the air gap) yields the equivalent circuit 
of Figure A3.1(b) referred to the primary. In a series 
compensated line, there are a number of variations on 
the relay settings depending on, for example, whether 
it is set with or without the capacitor/capacitors in 
the circuit under fault conditions, etc, and this means 
that the replica impedance needs to be frequently 
varied. With reference to Figure A3.1(b) it can be 
shown that the magnitude of the Z^, the replica 
impedance referred to the primary of the transactor, 
is given by equation A3.1.
Vo'
/T +cot^é„ • * •
where = tan“  ̂(R^/n^^X^) .
The relaying signal produced by the transactor 
(eg for an 'a'-earth fault) is therefore
= I or in the transduced form, it can be
shown that:
^  • V  - V /
V
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where n , n are the turns ratio of the c.t. and v.t. c V
respectively, which are typically 1200/1 and 500/0.11 
(for a 500 kV system) respectively. n^ is normally 
taken as 1/1.
It can thus be seen that the Z^' replica impedance 
referred to the secondary is given by equation A3.2.
Z^' = %  Z^ . . .  (A3.2)
^c
Due to the aperiodic nature of the c.t. secondary 
current, in order to simulate the voltages developed 
by the transformer-reactor replica impedance circuits, 
a step-by-step method of analysis is employed. The 
output voltage in terms of the c.t. secondary circuit 
is as derived in Reference 69 and is used here.
A3.2.2 The transphasor
In the studies relating to the relay performance 
based on the sequence comparator arrangement, a rela­
tively new form of electromagnetic device known as the 
'transphasor' is employed. This device is based on 
the simulation of two magnetic fluxes - one fixed in 
both phase and amplitude, whilst the other varying 
both in phase and magnitude. The arrangement is shown 
in Figure A 3 . 2 (a).
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The transphasor arrangement has several distinct 
advantages over the conventional transformer-reactor 
circuit of Figure A3.1(a). These are:
(1) It has a constant amplitude phase shifting 
circuit, which allows the relay angle to 
be varied without changing the relay 
setting.
(2) A range of angles from about 85° to as low
as -30° can easily be obtained.
(3) It has a much shorter time constant than
a transformer circuit.
A3.2.2.1 Transphasor analysis
The transphasor arrangement shown in Figure A 3 . 2 (a)
can be approximated to the two equivalent circuits
shown in Figures A3.2(b,c) which are the two circuits
referred to the primary side of cores and respec-
2tively. The extra turns link n^ , etc, are
small and hence ignored in Figure A3.2(c).
The turns ratio as shown in Figure A 3 . 2 (a) is 
described as follows:
= "2 = "3
2 45.
With reference to Figure A3.2(c) it can be seen that
i l
+ jwL^





1 +^jQ * * * (A3.3)
From the transphasor equivalent circuit of
Figure A3.2(b) it can be observed that
2
Vo n^ V 2
j“^m1 + V 2'
1 + jQ'
wL
. . . (A3.4)
where O' = -




- i ( ) . . .  (A3.5)
Substituting the values of i^ from equation A3.3 
in equation A3.5:
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_iQ_ n - ^  
1+jQ 1
. . . (A3.6)
Substituting i from equation A3.6 in equation A3.4
X
















jQn^ng - - jn^Q
( l + j Q ' l n g  L " ^ ( l + j Q )
jwLml
(l+jQ'Ing
-n^ - jQ(n^ - n^ng)
1+jQ
. . . (A3.7)
(i)LmliTtTT(1+jQ'  )TÏ2
Q(n^ - n^ng) - jn^ 
TTjo
O M 1I3 - n^n^)Vn. 
n^^/1+Q': » 1 + Q^
. . . (A3.8)
^o
From equation A3.8 it can be seen that for
to be independent of R and Q, the equation of







= -1 (ignoring positive sign)
. . . (A3.9)
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In common practice, however, it is required that 
the amplitude remains a constant whilst allowing the 
relay to be varied, without having to change the 
relay setting. Hence, substituting equation A3.9 in 
equation A3.7 gives equations A3.10 and A3.11.













and z. 0 = z. -1 Q -1 Q= 90° - tan j + tan -
. . . (A3.11)
From equations A3.3 and A3.5 it can be seen that
. . . (A3.12)
X
Substituting equation A3.12 in A3.4 it can be 
seen that
jo)Lml V 2' / ^  \
m1+Rb"2' \ "2
V 3“^m1 *b 
3“^ m 1 ^ V 2 '
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'  ^ “ V 3 >  ^
or Vo [jwLmiRni' + + V2'*^"l' + > ^ m V 2 ' ^
= t3 = ̂ = L ^ l L ^ V l " 2 - i “^ m l V " l ' " 3 - 3 ' “' ^ m l V b ' ' 3 ’  ̂
'̂ o + i  %b"2'*"l' + V b " 2 ' ]  ‘
= [iwLmlLm*bnin2-LmlKb*"l'"3-i"LmiLm*b"3] ^
. . . (A3.13)
As ^  = iw and /dt = -4̂  equation A3.13 yields
dv^(t)
^m1^'"l%(^) + ^ m l ^ m — dt—  + V 2 ' ^ ^ l '   ̂ (t)dt 
+ Lm*b"2'Vo(t) = ^ m l V b " l " 2  " ^m1 V " l  ’" 3 ^ '^>
-  ^ l V b " 3  4 4 ^  • • • (A3-14)
Again, since n^ = ng = 1/20 and from equation A3.9 
n. - "1"2 _ 1
3 2 800
Substituting the values of n ^ , n^ and n^ equation 
A3.14 yields
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L R dv (t) R. R
W  - d t —  + -  ; ^ dt
^ m l V b  di(t)
800 dt . . . (A3.15)
Equation A3.15 is again evaluated using piecewise
linearisation techniques, in which the compensated
current input is sampled at a rate of 1/AT. In terms
of sampled values taken at times t = nAT and t . =^ n n-1
(n-l)AT after the process is commenced, the output 
voltage and input current at time t = (n - i)AT may be 
written as
dVo(t)
— a r -  = - Vo'tn-I»] / ÛT
i(t) = /2
di(t) (i(t ) - i(t ,)] /ATdt n n-1
. . . (A3.16)
Substituting equation A3.16 in equation A3.15 
the output voltage of the transphasor at a time 't^' 
is given by:
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-f + IT - ' ' o < V l > ’
A AT A.
+  - T -  ' V o ( t n )  +  V o ( t n _ i ) ]  +  —  [ V o ( t „ )  +
=  ^  [ i ( t „ )  -  i ( t n _ i ) ]  -  ÿ  [ i ( V  +  i ( t „ _ ^ ) ]






AT • ÿ - !»AT / i < V i >
A 2 A 3AT
^0 (tn_i2 AT 2 + ^  /
A 3AT
+ " " 42 AT 2





' ®3 =400 32 X 10^
where ■
_ _ ^m1^m*b
4 400 ' ^1 ■  ^2 " 10 _ in4 ^ 8ÔÔ"
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A3.3 Polarising circuits
There are essentially two types of polarising 
voltage components in the comparator signal used in 
this study. These are;
(1) The sound-phase polarising component 
(eg for an 'a'-earth fault) which 
needs to be shifted by ±90° and is used 
in both the block average and sequence 
comparator arrangements.
(2) The synchronous polarising component 
(eg kgE^ for an 'a'-earth fault) which
is used in the sequence comparator arrange­
ment only.
A3.3.1 Phase shift circuit
The polarising voltage phase-shift circuit
similated is as shown in Figure A3.3. This arrangement
provides the necessary 90° phase-shift at power
frequency if the component values are such that 
1R
p "oCp
Again, piecewise linearisation techniques are 
used and the relationship between the sound-phase 
voltage derived component and the output voltage is 
as given in Reference 69.
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A3.3.2 Synchronous polarising component
In practice, this component (eg for an
'a'-earth fault) is a square wave derived from the 
prefault synchronous polarising signal which is a 
power frequency sinusoidal voltage stored in a memory 
circuit. This is illustrated in Figure A3.4. The 
value of kg is such that the height of the square wave 
is +10 volts.
A3.4 Pre-filters used in power system protective 
relaying
A low-pass filter is a device which passes 
signals of low frequencies and suppresses or attenuates 
those of high frequencies. Its performance may be 
illustrated by its amplitude response, which is a 
plot of the amplitude |H(jw)| of its transfer function 
H(s) versus frequency w , where w = 2nf. In all case
V
H = —  where v_ and v. are the output andv ^  . o  1
input voltages.
It is common practice to prefilter the signals 
and in a second order filter before going to a 
comparator, as shown in Figure A3.5. A second order 
approximation to an ideal low pass filter is achieved 
by the transfer function:
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Vo K-i
" p:' + ap + b • • • (A3.18)
where 'a' and 'b' are properly chosen constants and K.̂ 
is a constant. The term 'second order' refers to the 
degree of the denominator polynomial. The gain of 
the low pass filter is the value of its transfer
function at p=0 and is given in the case of equation A
3.18 by gain = K^/b. The determination of constants 
K.̂  , 'a' and 'b ' is shown in Section A3 . 4 . 2 .
There are a number of ways of obtaining low pass
filters using active devices instead of inductors. The 
method used is that of Sallen and Key, in which the 
active device is an operational amplifier (op-amp) .
A Sallen and Key second order low pass filter is shown 
in Figure A 3 . 6 (a), where the resistors and capacitors 
are properly chosen to realise given values of 'a' and 
'b' in equation A3.18. The op-amp, together with the 
resistors and R ^ , constitutes a voltage-controlled 
voltage source (VCVS) and hence the Sallen and Key 
network is of the VCVS type.
Analysis of FiguresA3.6 (a,b) as given later on in 
this Section, shows that:
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K Ui X 10^1
(1 -  H) + ^
*2^1 ^2^f
b = p p V  p . . .  (A3.19)
R4The quantity |i = 1 + —  is the gain of the VCVS
3
Kland is also the gain of the filter since -y = n .
There are many types of low pass filter, but the 
two most commonly used are the Butterworth and Chebyshev 
types. In the course of this work only the Butterworth 
filter is used. The standard values for , R ^ , R ^ , R^,C^, 
C^ of the Butterworth type of filter are given in 
Section 4.8.
A3.4.1 Low pass Butterworth Filter
Low pass Butterworth filter approximates the 
ideal low-pass filter with a relatively flat passband 
characteristic. Its amplitude response is given by 
equation A3.20.
|H(jw)| = — 2= = = = ---  . . . (A3.20)
where n is the order of the filter.
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The Butterworth filter has the advantage of a 
so-called nominally flat, monotonie response in the 
passband.
A3.4.2 Simulation of filters
Equation A3.18 can be considered in integral form 
as follows.
K. / V . (t)dt = pv (t) + av (t) + b /v (t)dt + k I I  o o o
. . . (A3.21)
On considering the samples on voltage output
waveform as shown by Figure A3.7 and on evaluation
of equation A3.21 at times t , t , whereX y '
t ^  = ( n - i ) A T  a n d  t ^  = ( n + & ) A T
Therefore : 
t
y V. (t)dt = D V _  (ty. ^ U ' -X" - "'-y ̂^ ^ ( t ) pvg, ) - p V o ( t ^ ) + a v o ( t y )
^x
t
- av^(t^) + b / y VQ(t)dt . . .  (A3.22)
^x




V o ( t n + i ) -  V o < t n >
A T
V o < t n >  -
A T
V o < t n + i >
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O x  2
X
X
Substituting the above values in equation A3.22 
= [ V o ( t n + i )  -  V o  ( t ^ )  -  V o ( t j j )  + V o ( t ^ _ ^ ) l  / A T
+ t  [ V o < t n + i )  + V o ( t ^ )  -  V o ( t ^ )  -  V o ( t ^ _ ^ ) ]
+ ) , T / 4
( a?  + # " ^  ) Vo(tn+1> + ( - )  ^o<^n>
Therefore
^ + b \ v _  (t. ) + ArUl- TT&- + 6b I Vo (t_)8 \  A T ^  A T  o  ' ^ n + 1  ' 8 I  A T(■ )vo(t^:
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Therefore:
+ 6Vi(tn) + Vi(tn+i%
* A T  * b  j  (b^+1 * * ( ® b  " j  <b^)
^ ( % &  - I f  + bll
Therefore :
Vo(tn+i) = K^[v.(t^_^) + 6v.(t^) + v.(tn+i)]
” ^ ® b  - Â T ^ ^ V o ( t n *  " ^ A T '  A T  * bjl
(Â#T + H  + b ,
K^AT^ + 6v^(t^) + V%(t^+^)]-(6bAT: - 16)v^(tj^)
- (8 - 4aAT + bAT^)Vo(t .)___________________________ n— I
(8 + 4aAT + b A T M  . . . (A3.23)
The constants K.j , a, b cannot be arbitrarily chosen 
because only certain values can be realised in a prac­
tical filter. A very common method of realisation is a 
VCVS active arrangement, as given by Sallen and Key.
With reference to Figure A3.6 and noting that no 
current flows in the input of the amplifier, the voltage 
at the inverting input terminal is:
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%4V  ' (t) = V  (t) = v _  (t)o R 3+R4
V o ( t )  R  + R  R
or ^ ---  = 1 + ^  = H . . .  (A3.24)
The equations governing this filter are:
Vg(t) = |iv(t)
i^ft) = CfPV^(t)
i.j (t) = C^pv(t)
v^(t) = R^[i^(t) + ^2 <t) ] + v^(t) + v^(t)
= R^[i^(t) + i2 (t)] + R^ i.| (t) + v(t)
It follows that
v^(t) + Vçj(t) = R2i^(t) + v(t)
= RgC^ pv(t) + v(t)
= (RgC^ p + 1 ) V  (t) 
Vn (t)
= (R-C. p + 1)2"'1 ^ ' II
V  (t) [1-n] RpC p V  (t)
Therefore v^(t) = ------------ + -------------
Also, knowing that:
i^(t) + ig(t) = CfPv^(t) + C^pv(t)
therefore :
259.
Cf[i.j (t) + igtt)] = —  [{1-^} PVq (t) + RgC^p^v^tt)]
C^pVo(t)
Now, v^(t) = R^[i^(t) + igft)] + RgC^pvft) + v(t)
= —  [C^{1-|i}pv^(t) + R2C^C.jp2v^(t)+C.jPV^(t) ]
+ 4  ( v ^ < b ) V l P  + Vo<t)l
RiR^C^Cf / t RiC^fl-Ulpv^ft)
•{-
+ R^C,pv^tt) + U  \/ R^R2C^C^ /
R.R^C.C {^i^f 4 -M>)+R.,C.,+R2C-| } PVo(t)
+ ^o(t) \
*1*2^lCf J . . . (A3.25)
Now comparing equation A3.25 with equation A3.18 gives
K 1 R^R^C^Cg
a =
R.,C^(1-H) + R^C^ + R2C.J
^ 1 ^ 2 ^ 1 ^ f
. . . (A3.26)
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There are some standard design tables as 
presented in Section 4.8, from which the values of 
R.| , R^, Rg, R^, can be determined for the
Butterworth filter.
At power frequency, the relationship between 
output and input is
V . -w  ̂ + jü) a + b1 o o
*^1 -  t a n - 1
= H G . . .  (A3.27)
Thus, if in the steady state the input voltage 
to the filter is described in the time domain by 
sin w^t , then
v^(t) = H sin (w^t - 0)
where v^(t) = sin cô t
H v .(t)sin(w t - 0) 
Therefore v (t) =  ̂ °o sinw t
sinw t COS0 - cosoj t cos0
HVi't) ---- ° Sin w t °------o
Hv\(t) [cos0 - cotWgt sinG]
. . (A3.28)
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This could be used as a basis for starting the 
piecewise linear filter simulation. As the value of 
10 1 at power frequency is less than 10° for all low 
pass filters likely to be simulated, this means that it 
is enough to write the expression of equation A3.29 





Figure A3.1 Transformer-reactor arrangement
(a) actual circuit










Figure A3.2 Basic transphasor arrangement
(a) original circuit
(b) equivalent circuit referred to the 
primary of core
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Figure A3.7 Samples on a typical waveform
APPENDIX (A4) PUBLISHED WORK
Some of the work developed in this thesis 
has been published and is presented in this
Appendix.
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s i m u l a t i o :; :r r/vji? t r a :;s :e:;ts in e h v s e r i e s c o k p e n s a t e : t r a n s m i s s i o n
A. Kalair., R.K. Aggarwal, A.I. Johns, University of Bath.
1. Introduction
The use of capacitors as a means of increasing the power transfer capabilities 
of long distance transmission lines is well known. There are however problems 
encountered in the protection of such lines and these essentially arise 
because, under faulted conditions, the primary system parameters are often 
subject to rapid changes due largely to capacitor protective gap operation.
In order to be able to successfully develop new protection techniques for such 
compensated lines in the longer term, an accurate knowledge of their fault 
transient responses is very important.
This paper outlines the basis of new digital simulation techniques developed at 
Bath for realistically simulating the transient responses of series compensated 
systems. In particular, it highlights some of the problems of simulating the 
essentially random nature of series capacitor gap flashover and outlines the 
basis of the techniques developed to overcome them. The results of some 
interesting studies of the responses of a typical 500 kV long distance line are 
illustrated and the paper concludes with a brief discussion of the implications 
of such responses as regards future prospects for overcoming present day 
protection problems.
2. Basic Series Compensated System Model
Figure 1 shows a typical 500 kV quad conductor, compensated single section 
feeder with a series capacitor and a three reactor bank at either end of the 
line. The line is 300 km long and is of horizontal construction. The phase 
conductors are A1 Alloy and the earthwires are Alumoweld. Frequency variance 
of all line and earth parameters has been included and the line section has 
the usual discrete transpositions at intervals of 1/3 of the total line length 
There are various factors which determine the degree of series compensation  ̂
S^. In terms of the p.p.s. line reactance , the parameter of a series
capacitor (assuming a capacitor bank C at either end of the line) compensating 
3 line section of length I  is given by equation 1.
s .  = 2 / ( w 2 L ^ C Z ) (1)
The capacitor impedance can be determined from equation 2.
= - 2 j / ( S ^ r . ' ^ L ^ Z ) o )  ( 2 )
Combination of the capacitor bank with the various line sections is con­
veniently achieved by using the relationship of equation 3.
13)
u




Figure 2 shows an equivalent fault transient model derived from an actual 
system model of figure lb. With reference to figure 2, it is thus possible to 
describe the matrix relationship between the sending end and the fault point 










The sub-matrix [y ^] used to represent the reactor bank is as described in
reference 3 and the method of obtaining the transient responses due to fault 
inception using Frequency Domain based digital techniques are given in refer­
ence 2. On fault inception, the magnitudes of the voltages across all the six 
capacitor banks are compared with the capacitor gap settings necessary for 
spark gap operation. The first capacitor to attain this value is shorted out 
and this process is simulated by injecting a voltage, equal and opposite to 
the voltage across it. This part of the simulation can best be explained with 
reference to figure 3 which shows the system model for an "a"-phase-earth fault 
If the time after fault at which say the sending-end ”a”-phase capacitor 
voltage reaches the threshold value first, is T^^, then the frequency spectrum
E of the injected voltage to simulate gap flashover is given by:-
•^ °b
-jwt
S3a •I. dt (b)
where Tq^ = observation time,
®S3a " total instantaneous voltage across the capacitor.
SS3a the frequency spectrum of a current which arises due to capacitor
flashover. The variation of the sending-end relaying point quantities as a 














The total time domain response of say the sending-end relaying point "a"-phase 
voltage at this stage would be:-
where t = 0 T^ = fault occurs, = cacacitor flashes over.‘ Ofa- t  ■ . 1
Similar relationships enable the receiving-end quantities to be determined.
3. Transient Fault Studies
The fault studies apply to a system with a total series scmpensation cf ''2'. 
The short circuit capacity levels of the two busbars are 1C GVA and an X:? at 
ratio of 30 for the sources has been assumes. The results presented are for 
an "a"-phase-earth fault and are related to the sending-end relaying point.
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3.1 Effect of capacitor gap setting variation:- Fro^ figure it can be seen
that a zap setting cf 2.'’ p.u. results in the faulted phase capacitors
flashing over in about 15.5 msec after fault, whereas a setting of 5 p.u. does 
not produce spark gap operation. Comparing the waveforms in the two cases,it 
can be clearly seen that both the voltage and current waveforms (particularly 
in the faulted phase) are significantly different, especially in their relative 
magnitudes, subsequent to capacitor flashover.
3.2 Variation of fault position:- A fault at 25% of the line from the sending
end results in much higher frequency transients (especially in the voltage
waveforms) than the corresponding case for a midpoint fault (figures 4 and 5). 
As expected, the relative magnitudes of the faulted phase currents are 
significantly different both in the pre- and post spark gap operation periods. 
One interesting point to note is that with the same gap setting of 2.7 p.u., 
for a fault closer to the relaying point, the faulted phase capacitors flash- 
ove*. in a much shorter time of about 5 msec after fault as compared to 15.5 
msec for the latter case. This can be clearly seen from figure 6 which shows 
the voltage waveforms across the capacitors.
3.3 Implications on protection performance:- Figure 7 shows the results of a 
typical study for the well known block-average zone one relay. The relay
setting assumes that none of the capacitors fTashover. Response (1), which is 
for a midpoint fault and with a gap setting of 2.7 p.u., shews the device out­
put builds up gradually but fails to reach the set level due to the sodden 
change of system parameters. The latter results from capacitor spark gap opera­
tion and caused considerable under-reaching. On the ciher hand, the correspond­
ing case with a higher gap setting (response 2) and in which there is no 
sparkover, results in relay operation in about 23 msec after fault. It is 
significant to note that in the former case, the capacitors do not flashover 
until about 15 msec after fault and the studies have indicated that in the 
majority of cases, for faults close to and beyond the midpoint, there is always 
a time lapse of about 10 msec from time of fault to spark gap operation. This 
clearly indicates that a faster protective scheme with an operating time of 
less than about } cycle can be used to advantage in such systems.
4. Conclusions
The results cleanly show that the relaying point waveforms are significantly 
affected by the capacitor spark gap operations under fault conditions and this 
in turn can have a profound effect or the present prote tier, relay performance. 
However, there is a clear indication that some of the present day protection 
problems associated with series compensated long distance AC transmission âr. 
be overcome by high speed prrtertive relays with operating times of less than 
i cycle.
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